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This report describes a preliminary design effort directed toward 
a low-ccncentration -ratio photovoltaic array syscem based on 1984 
technology and capable of delivering multi -hundred kilowatts 
(300 kW to 1000 kW range) In low earth orbit. The arrav system 
consists of two or more array modules each capable of delivering 
between 113 kW tc 175 kW using silicon solar cells or gallium 
arsenide solar cells, respectively. 

The array module deployed area Is 1320 square meters and consists of 
4356 pyramidal concentrator elements. The module, when stowed in 
the Space Shuttle's payload bay, has a stowage volume of a cube with 
3.24 meters on a side. The concentrator elements are sized for a 
geometric concentration ratio (GCR) of six with an 2 q>erture area of 
0.5 meters x 0.5 meters. 


Volume 1 discusses the structural analysis and design 
trades leading to the baseline design. It describes the configura- 
tion, as well as optical, thermal and electrical performance analyses 
that support the deslgp and overall performance estimates for the 
array. Experimental results are also presented for a concentrator 
element using both silicon and gallium arsenide solar panels. They 
confirm the preliminary design analysis and performance estimates. 
Recommendations are provided for future development effort for low 
earth orbit application. Volume 2 provides drawings for the 
preliminary design configuration and for the test hardware that 
was fabricated for design evaluation and test. 
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FOREWORD 


This report describes the effort performed for the preliminary design 
of low-cost concentrator multi -hundred kilowatt solar arrays. The Volume 1 
report siimmarlzes activities performed between June 18, 1981 and July 1983, 
as required by Contract NAS8-34214 Statement of Work. Volume 2 cczi tains 
drawings prepared describing the preliminary design configuration, test 
hardware and manufacturing flow concept. The report was prepared by the 
Shuttle Integration and Satellite Systems Division of Rockwell Interna'. tonal 
Corporation for the NASA George C. Marshall Space Flight Center (MSFC) , 
Hmtsvllle, Alabama. Thr' NASA technical Contractor Officer Representative 
for the activity is Mr. W. L. Crabtree. The contents of this document are 
not necessarily eudotsed by the NASA-MSFC. 
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Radiation exchmge factor; New ton -Rap ha on fmction — j — 
"a crip t F" 
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T Incident ray vector 2 
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Cell voltage 
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1.0 INTRODUCnCN 

Space Transportation System (Shuttle) operational usage In the 1980's 
will allow routine access to e' rth-orbitlng space systems (e.g. , space base 
scientific and public service platform missions). These low earth orbit 
(>v 500 km) space systems are expectea to required power system c^abllltles 
of multi-lOO-kW power levels to perform a variety of missians. The ability 
to provide the reoulred power levels is limited by the cost of solar arrays 
within use of existing technology. 

1.1 RESULTS OF PRIOR STUDIES 

NASA Marshall Space Flight Center has funded studies ^diich 

show that a concentrator solar array concept can reduce the recurring array 
and operational costs by a factor of three or more over that attainable with 
current planar arrays. 

For the recurring solar array costs goals to be met. and the desired 
performance characteristics to be maintained, technology advancements are 
needed in three major areas for solar array configurations. These are: 

1. Lower cost, large area, lightweight deployable structures that 
lead to a compact stowage volume compatible for launch to orbit 
by the Shuttle vahicle. 

2. Lower cost, larger-area, higher-efficiency solar cells suitable 
for low-concentration ratio (CR) applications. 

3. Lightweight concentrator configurations designed to provide the 
desired concentration ratio and compatible with the solar array 
deployment scheme selected and the severe teoperature cycling 
incurred in low earth orbit. 

1.2 PROGRAM OBJECnVES 

A large-area array, with a geometric CR of about six suns, has been 
selected as a relatively low risk development to demonstrate technology 

*Superscript numbers in parenthesis Indicate references. 


1-1 


S; D83-0075-1 


Rockwell 

International 


readiness by the end of 1984. This program has as Its prime objective the 
preliminary design of a concentrator solar array system capable of providing 
in excess of 300 k.W pover, deliverable to the user system in orbit by a single 
Shuttle launch. Up to four solar array modules (each having a power output 
greeter than 100 ktf) would comprise the array. The preliminary desi^p effort, 
including critical technology demonstrations, was completed in June 1983. 

The concentrator array design provides for utilization of either silicon (31) 
or gallium arsenide (GaAs) solar cells for conversion of solar energy to 
electrical power. 

Rockwell's recent experience with concentrating solar arrays has 

confirmed the choice of a low-CR system for the high-power, low-cost objectives 

of this program. During 1977-78 a study of high (500X) cassegrainlan conce.i- 

trators using gallium arsenide GaAs solar cells was carried out for the Air 
(4) 

Force. Emphasis was on laser and nuclear hardness. Solar cells end a 
brassboard concentrator v«ie evaluated experimentally. The study showed the 
advantages of the GaAs cells (high temperature capability and radiation 
resistance) and the cassegrainlan geometry from the standpoint of threat 
survival. However the sophisticated optics and the heat pipe required for 
cell cooling did not laid themselves to low-cost or light weight array design. 

(3) 

The solar array study for NASA/MSFC which immediately preceeded the 
present contract confirmed the judgement that lov-CR designs would be thn 
most cost-effective. The essence of the argximent is that, beyond a concen- 
tration of six or so, little further reduction in cell cost is achieved. On 
the other hand Increased concentration makes the design optics, cell cooling 
methods and structure more difficult and expensive s>' that the overall cost 
of power increases rather than decreases. 

Figure 1-1 illustrates these points. Economics of scale and substantial 
reduction in solar cell costs result in big coat gains in going from a state- 
of-the-art planar array of the Solar Electric Propulsion (SEP) stage type to 
a multi-100 kW low-CR array. CorplexLty and Increased component sophistication 
erode the cost advantage for higher CR designs (e.g. , 20X or more). 
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6X - NO CATASTHOfHIC POWER DROP OFF 



onuiiOMMiR. n*n 
l>.aOD SIMlie«< NOUB fll VUIJ 


6X - OPTIMIZES RECURRING COSTS | 



6X - BETTEF THAN PUNAR 


•5 TIMES SUFFER 
•GoA» INCREASES W/m^ 

• ONE-HALF DEGRADATION 

• 50% MORE EFFICIENT 
SHUTTLE STOWAGE 


6X - BETTER THAN CASSEGRAIN IAN 


•MORE EFFICIENT SHUTTLE 
STOWAGE 

• 1.5 times lighter 

• GREATER TOLERANa 
TO POINTING 


Figure 1-1. The Advantages of a Low CR Design 


The issue of pointing accuracy requirements also favors low CR designs. 
As Figure 1-1 shows, a 6X concentrator Is not sensitive and can acconmodate 
several degrees of off-pointing with small loss in output. This greatly 
relaxes design tolerances and reduces the iiqsact of structural distortions 
(both transient and steady state) associated with stationkeeping aid thsnial 
gradien ts . 

1.3 PROGRAM APPROACH 

The approach builds upon results of Rockwell's previous study to provide 
a preliminary design consistent with the goals of the project, namely tech- 
nology readiness in the mid-1980's, coopatlbillty with a Shuttle launch, and 
low recurring and life cycle costs. The overall program objectives are: 

• To perform a preliminary design of a low concentration ratio 

(CR ■ 2-6) solar array for multl-100 kW (300 kW-1000 kW) low earth 
orbit application having a low recurring cost with a 1984 
teclnology readiness date . 
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* Dtalgn, fab, taat aubalamnta/conpaaanta to sjnport tha praliolnary 
daalgn. 

* I(Uatlfv technology deficient area and scope tasks for resolution. 

* Generate cost and schedule for ground test module. 

No specific application has been identified for the array design. Rather 
a generic design has been developed, consistent with the following ground 
rules : < 

i 

a Concentratlan t^atlo (CR) - 2 to 6. 

a Four-sided concentrator module approach. 

a Targeted for $3b/watt recurring (1978 dollars). 

a Use 1984 technology readiness date. 

a Design for low earth orbit (LEO) application. 

a Design should be consistent^ with both silicon and GaAs cells. 

a Stowage method should be fold-up. 

a Design should provide maximum kW per Shuttle launch consistent 
with other guidelines . 

a Watts/kg goal not specified but to be governed by transportation 
cost pen-alcles and reasonable extension of state-of-the-art. 
a Practical configurations compatible with Orblter cargo compartment 
and on-orblt maintenance operations, 
a Rating of 300 kW to 1000 kW. 

The work has been carried out mder four technical tasks. These tasks 
are interrelated logically as shown in Figure 1-2. A brief description of 
the tasks is Included here. They are more completely discussed in later 
sections of the report. 

Task 1 is a preliminary design effort using the pyramidal concentrator 
element concept defined in Reference (1) as a point of departure. A selected 
array configuration has beoi derived through an orderly series of trade 
studies. These, together with the mission and orbital considerations typical 
of operation in low earth orbit, have been used to establish a baseline solar 
array configuration. Each major subsystem (primary structure, integration 
hardware, reflector/concentrator structure, and solar cell stack/ radiator) 
has been studied separately in order to optimize the array system and to 
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Figxire 1-2. Program Logic 


assess technology deficiencies. Near the end of the contract effort the 
results of design analysis, techiology reassessment, and subelement demon- 
stration tests (Task 2) was used to update and verify the preliminary design 
of the array system. 

Task 2 deals with the demonstration testing of certain subelements and 
components. It was designed to provide early insight into component perform- 
ance and to show confideice that the desi^ concept will work. This task is 
a major activity of the contract (over <xie-third of the overall effort). The 
subelements tested included solar cells (both GaAs and Si) mounted on passive 
substrate /radiators and a full size reflector/concentrator element. Solar 
cells, radiator and concentrators were Integrated for fmctlonal testing. 
Models demonstrating the stowed and d^loyment method were also made. 

Task 3 addresses development planning for multi-hundred kilowatt arrays. 
Areas of technology for which there is now insufficient engineering knowledge 
to support a sound preliminary design were identified. A supporting research 
technology (SRT) plan for two items identified (welded Interconnects, 
reflector optical stability) are discussed in Section 8. Technologies which 
will require experimental demonstration in order to establish near-term 
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feasibility are also provided. Test requlreiaents, tooling, equipment, aid 
facilities were defined and a plan Is provided covering the design aid 
fabrication of a groimd test/flight cest demonstratlan model for the array 
as a whole. 

Task 4 considered the Integration requirements of the array. Mission 
and orbital constraints typical In low earth orbit were used In an analysis 
of system interfaces pertaining to the Shuttle orblter (STS) and those 
pertaining to large user space vehicle systens. A generic approach was used 
for the latter since specific missions have not been identified in this 
procurement. Task 4 results can be used to define specific Interface conpat— 
Ibillty of the array system for potential low earth orbit mission applications 
(e.g.. Space Station). 


The technical effort has been carried out over a two-year period accord- 
ing to the schedule shown in Figure 1-3. Periodic reporting of technical 
results has been made through monthly letter reports (not shown on the 
schedule), a mid-term report, and in oral presentations at NASA Marshall 
Space Flight CenCer. 
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Figure 1-3. Project Schedule 
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1.4 PROGRAM SUMMARY 

1.4.1 Description of the Array Design 

The program has developed a preliminary design, described by a total 
of 30 drawings (see Figure 3-1 and Volume 2). The final design is derived 
from the baseline design described In the mid-term report with some iq>- 
dates resulting from the test results obtained mder the program. The 
fmdamental unit of the array Is the module. In the stowed condition it 
occiq>les a cube 3.24 m on a side. As many as four of these modules can be 
cradie-supported in the payload bay of the Shuttle. In the deployed con- 
figuration each module extends to a rectaiigle 19.4 m by 68 m in size. 
Individual concentrators are hung cn cables extending between a housing (in 
which the folded concentrators are contained during lainch) and an end cap. 
Three pairs jf extendable lattice masts are moicted in canisters back-to- 
back within the housings. They serve to extend the two end cape (aid with 
them the cable-svq>ported rows of concentrators) and to hold them In place 
when fully extended. The housings and end caps are open truss structures. 

The masts are hybrid structures consisting of a double-laced section at the 
canister end and a single-laced section extending to the end caps. 

The individual concentrator element takes the form of a trmcated 
pyramid with an aperture of 0.5 m by 0.3 m and trmcated base (where the 
solar panel is located) sized to give a geometric concentration ratio of 
six. The reflectors are made from aluminized Rapton film 50 um (2 mil) 
thick banded to graphite conposlte frames. Two of the four sides are hinged 
and fold Inward for stowing. The trmcated opening formed at the base of the' 
reflectors is closed out by a solar panel, containing either 50 mm by 50 mm 
slUccn cells or 20 mn by 20 mm gallium arsenide cells laid down m two 
aluminum sheets hinged for folding. Tne aluminum half -pane Is serve as 
substrates for the cells. The aluminum extends outward beyond the cell 
area to serve as a radiator with an area twice the solar cell area. 

Electrical output from individual half-panels Is collected and transmitted 
from one element to another by Kap ton -Insulated copper flat conductors, 

0.14 mm thick. 
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F^ch array nodule conslats of 4356 coaceatrator el'smencs and walgha 

4242 leg (for allicoa) or 4264 kg (for GaAs) . Projected area of the deployed 
2 

array is 1320 m . Other design characteristics are given ir Figure 1-4. 

The beginning of life (BOL) power output in space is 113 kW (for slllcoa) 
and 175 kW (for GaAs). 

1.4.2 Trades and Analysis 

Structural and volunetric requirements determined the size and sh^pe 
of the module as a whole and its components. The cross sectional aroa 
available in the Shuttle payload bay and a variety of other considerations led 
to the choice of six layers or stacks into which the stowed module could be 
packaged for lainch. The stackinr; parameter affected the size of the con- 
centrator elements, the effectiveness of the radiators for a given welgnt, 
and strength of the lattice masts which could be accosnodated within the 
housing envelope. 

Detailed analysis of mast performance by Astro Research Corp. mder a 
subcontract to si 4 >port this program, defined buckling loads that led to the 
choice of a hybrid design having high strength at the root aid less strength 
and weight at the tip where loads were reduced. Cooputer models for the 
module structure were generated to verify that modal frequencies were 
separated by a decade or more from potential excitation frequencies. Deflec- 
tion due to station keeping thrust, thermal distortion and other sources was 
assessed to insure that optical pointing errors did not exceed the three 
degrees assumed as a desl^i requirement. 

Special-purpose l hernial analyses were performed to assess the effects 
of thermal cycling and to optimize radiator size and weight. A detailed 
thermal model of ths concentrators was prepared wh.^ ch took into accomt 
illumination distributions, radiation exchange between adjacent concen- 
trators and electrical- thermal coupling of the solar panel. Results showed 
that no conponent reached excessive temperatures. The reflector film 
reached a maximum .temperature of 130*C. Solar cell maximum temperatures 
were also 130*C. Average cell temperature was 116”C for GaAs aid 120*C 
for ‘silicon. During eclipse transients thermal stresses in the reflectors 
were limited to 1/4 of that for the high-temperature yield stress. 
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Figure 1-4. Array Module Design Characteristics 


Extensive rey-traclng analyses of the concentrator were carried out to 
determine optical performance for cases of normal Incidence and varying 
soounts of off-pointing. Average concentration over the solar pmiel was 
foisid to be 4.64 (77Z optical efficiency) at 0* pointing angle. Efficiency 
falls off very gradtially, with no cateistrophlc drop out to angles as hl^ as 
15 degrees off normal. Light reflected from the upper comers of the concen- 
trator was found to be Ineffective In Illuminating the solar paiel cell area 
b«!t did contribute significantly to hertlng the reflectors. 

The laboratory electrical tests performed on cells md panels supplied 
by Applied Solar Energy Corporation (ASEC) and Spectrolab, the two solar 
cell subcontractors, resulted in refinement In the solar cell models used 
for performance estimates In the mid-term report. These cell models were 
Incorporated Into a combined electrical-thermal model of the concentrator. 
Saople calculations showed that by connecting each row of cells across a 
half-panel in parallel, mismatch effects due to temperature and Illumination 
non-unlformltles could be greatly reduced, compared with a design In which 
each cell was connected In series. 

Peak power outputs per concentrator element were calculated to be 26.4 
watts for silicon and 40.5 watts for GaAs during space operation. 
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1.4.3 Coat and PerforiMace Analysle 

Thraa different approaches were uaed to develop coat estlnates for 
conponenta of the array. Lattice mast assembly and solar panel costs 
were based upon subcontractor projections for the 1984 time period. 

Reflector panel coats were based cn materials and processes analysis for 
semi-automatic production. Structural coaponents were estimated by means 
of a mass algorithm derived from historical costs for space hardware. 
Transportation costs to orbit, costs of drag make-up propulsion and the 
effect of cell degradation In orbit are additional factors which were takoi 
Into aecovnt to estimate life-cycle cnerev costs. 

Electrical output at beginning of life was estimated from the 
detailed output per concentrator element described above, for the standard 
conditions of zero point angle and minimum earth radiation. These results 
wera used to derive lumped parameter performance analysis with which to 
explore the effects of many variables. The lunped parameter method was also 
used to predict gromd test performance. Table 1-1 suaanarlzes the array 
module performance parameters. 


Table 1-1. Solar Array Module Performance Parameters 



Cell Type 

Parameter 

Silicon 

GaAs 

Watts /m^ (BOL) 

85 

133 

Watts/kg (BOL) 

27 

41 

Recurring Cost (BOL) 
1982 $/V 

114 

166 

Life Cycle Energy Cost 
(10 years) 1982 $/kWh 

4.0 

4.4 
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X . 4 . 4 Danonttratlon lasts and Experimental Oparationg 

Early In tha program three structural-kinematics models were fabricated 
to aid in visualizing the structural and kinematic properties of the array. 
These included a 1/15 scale deployment simulator, a four-clenmnt dynamic 
simulator and a lull-scale engineering aid model. 

Fabrication experiments were carried out on many candidates for both 
film-frame and rigid panel reflectors. Satisfactory panels were fabricated 
using Kapton film on molded graphite composite frames. Laboratory optical 
tests on these panels gave reflectance values of 89Z. Stretched film panels 
have remained taut and unwrinkled for over a year. 

Laboratory electrical tests i»ere performed oo both single solar cells 
and solar ce]l panels. Both ASEC and Spectrolab, the subcontractors, provided 
individual cell air mass zero (AMO) outputs referenced to primary balloon 
flight standards. They also measured representative spectral response 
curves and panel output at one sun AMO. Psnel outputs %fere confirmed by 
Rockwell after delivery. All panels ex'*eeded specified requirements by a 
substantial margin. 

Current-voltage characteristics for both silicon and GaAs cells were 
determined in Rockwell's Large Area Pulsed Solar Simulator (LAPSS) facility at 
elevated temperatures and in concentrated light of AMO spectral quality. The 
data was used to update cell models for performance predictions. 

Pull scale illumination and performance tests were performed on a demon- 
stration concentrator in natural sunlight at Seal Beach and at Table Mountain 
Solar Obiervatory. Distribution of concentrated smli^t in the plme of the 
solar panel was measured by photographing a diffuse reflecting plate. Panel 
and solar cell temperatures were measured by thermocouple and Infrared camera. 
Electrical performance was measure^ for both silicon and GaAs panels as a 
zisu.tlon of pointing angle and during controlled distortion cf the concentrator 
geo*v:try . 
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Teat rasulta an cha dancascradon concantracor aatcnad pradlccad parforn- 
anca vary wall In ganaral. Illumination dlatdbutlona and avaraga valua 
agraad with ray craca calculatlona in tha aanaa that local CR varlatlona wara 
almllar and avaraga optical afflclancy fall off (ti'adually with pointing angla 
aa pradlctad. Apparant concantratlona wara approxlaataly 0.6 ataia hlghar 
than pradlctad, howavar. Thla la ballavad to ba attrlbutabla to tha praaanoe 
of dlffuaa light earning from dlractlona naar tha aun rathar than balog apraad 
lailformly aa aaaumad In tha thaoratlcal calculatlona. 

Maaaurad powar outputa of 24 watts for tha slliccn panel and 15 watts for 
tha GaAs half-panel (30 watts per panel) agree closely with predictions for 
Table Mom tain condltlona. The gradual fall off of output with pointing angle 
alao followed the predicted trend. Distortions In which one or both hinged 
reflector panels were laovad inward produced a rapid drop in output. Heaaured 
solar cell tei^)eraturas varied from 44* to 71* C, agreeing reasonably well 
with pratest predlctlone of 55* to 79* C. Cell temperature distributions 
measured with Infrared camera agreed qualitatively with analytical predictions. 

Tha following sections of this volume provide detail description of the 
design, trada atudles, vralysls, experimental results md other activities 
performed during the contract effort. 
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2.0 CGNC'iatTRATOR ABItAY DESIGN CRITERIA 


Tht dcclgn rsquircasntt for the array enconpaaa three sdsaioD ,‘haaea: 
.'.amch, deployment, and orbital operatlona. No apeciflc lalHsioas hav been 
Identified. Rather, the deaign la a generic one for hlgh-power apace avstena 
Shuttle-lamched Into low earth orbit. 

2.1 LAUNCH 

In ita stowed configuration the solar concentrator array module must be 
of a size that fits within the Shuttle bay dynamic envelope, allows air lock 
ingress/egrcaa , and Inatallatlon of payload groimd handling nechanlsme. The 
module must stay within the Shuttle cargo bay longitudinal center of gravity 
envelope. Module attachments to the Shuttle orblter should be compatible 
with the location and load capability of the orblter attachmeits «nd/or cradle 
Installation. The attachments should provide access for removal of the array 
module by nmans of the remote maneuvering system (RMS) In orbit. 

2.1.1 Static Loads 

The critical load factors listed In Table 2-1 were uaed to dete mine the 

Shuttle launch-induced loaos. The landing load factors are Included to 

provide for the possibility of mission abort-lnduc^d return and landing. 

-2 

The structure will wltl\stand a differential pressure of 3450 Nm (0.50 psl). 


Table 2-1. System Rcqulremer. ts for Structural Desl^ (Lamch Phase) 
riT?’ (Orbltt?)' compatibility 

* Orblter cargo bay dynvdlc envelope 

* Quasi-steady state flight loads — acceleration In g's 

Nj 5 * (axial) Ny* (yaw) Nj* (pitch) 

+2 +3 +5 

-5 

+ 1.5 


* Boost environment 


e Liindlng 


+1.8 

- 2.0 


+ 4.2 

- 1.0 


* Load factors in Orblter coordinates. 
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2.1.2 Dygmirfc Loads 

The solar array module muat survive the Shuttle cargo bay acoustic 
enviroomert (decibels versus frequency) given by the dotted line of Figure 
2-1 Ctaken from Ref. 6). This curve represents the recoemended environment 
based on STS-1 through STS-4 flight data. The stowed solar array module will 
have a minimum modal frequency of 3.0 Hz. 

2.1.3 Thermal Bivironment 

It is assumed that the module will be electrically Inert during the lamch 
phase, with negligible heat dissipation. The thermal behavior is determined 
by the closed— door environment of the Shuttle bay, as modeled by the Simplified 
Payload/Orblter Thermal Simulator (SPORTS model) This model provides 
chomal characteristics (temperatures, capacitances aid conductoices) for 
exposed payload bay surfaces and bomdary temperatures for die mderlylng 
structure. 

2.1.4 Electrical Environment 

It is assumed that the module will be electrically inert during launch. 



Figure 2-1. Revised Empty Payload Bay Acoustic Criteria for Lift-off 
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2.2 DEPLOYMIKT 

This phase Includes (1) the detachment and removal of the solar array 
modules from the orblter's cargo bay and attachmait to the user satellite, 

(2) articulation and deployment of the folded array module containers, and 

(3) extension of the deployable masts and individual concentrator elements. 

The attachment interface will have provielons for soft docking of the 
array to the user spacecraft. The attachment Interface will also have provi- 
sions for structural attachment, transmission of power to the spacecraft, 
and two-axis articulation of the array to maintain pointing toward the sun to 
within + 0.5 degrees. Electrical pcwer for deplo 3 nnent and- extension of the 
solar array module will be provided by either Shuttle or user spacecraft. 

2.2.1 Static Loads 

Static loads during this phase are assumed to be no greater than static 
loads during orbital operation. [ 

2.2.2 Dynamic Loads " 

The structural attachments to the payload bay must provide for controlled 
release and removal of the solar array module. The rate of extension of the 
masts and release rates for concentrator structural compcriHi ts shall not 
Impose loads in excess of the launch mid orbital operations capability. 

2.2.3 Thermal Environment 

The open-door environment of the Shuttle bay tdll be simulated by th^ 
SPORTS model during the early portion- of the deployment phase. •. 

2.2.4 Electrical Environment ^ 

The array vlll.be protected from electrical transients associated wl^th 
partial Illumination of elements during the deployment phase. 

2.3 ORBIT^iL OPERATION 

The array modules are designed to keep life-cycle energy costs low for 
low-ear '.i-orbit satellites. Performance factors such as array module power 
per unit weighL and power per unit deployed area are considered lnq>ortant to 
the extent of their Influence on cost effectiveness in orbit. Modularity is 
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a major conalderatloc in developing an acceptable design concept that cm be 
used for a wide range of power needs of future satellites. General system 
requirements are tabulated In Table 2-^2 and discussed below. 

2.3.1 Static Load 

Tlie solar array masts, housing and concentrator element subsystems shall 
sustain the loads associated with atmospheric drag, gravity gradient and 
solar pressure within acceptable deformation tolerances. The altitude range 
for orbital operation Is assumed to be 500 to 600 km. Acceptable deformation 
Is defined as that which maintains all concentrators optical axis within three 
degrees of the solar direction under the combined Influence of mechanical loads, 
thermal stresses and pointing errors for the array as a whole. 

2. 3.-2 Dynamic Loads 

The attachment of the array to the user spacecraft will result In the 
transfer of dynaailc perturbations of two types, namely spacecraft pointing 
and station keeping and Shuttle docking maneuvers. To provide adequate frequency 
separation between the array and the spacecraft control system, a minimum modal 
frequency (cantilevered from the user spacecraft Interface) of 0.037 Hz Is 
required. 

2.3.3 Thermal Environment 

In addition to 41rect solar load, the array Is exposed to Earth emission 

-2 

and albedo. Global annual average values of 237 watts m and 0.3, respectively, 
were used to evaluate Earth radiation effects on the design. Orbit inclination, 
values between 28.5 and 57 degrees were assumed to evaluate eclipse duration. 
Irradiation fluence levels and array-Earth configuration factors. Thermal 
Interaction between array and spacecraft Is assumed to be second order and 
will be ignored due to lack of specific Imowledge about spacecraft geometry 
and thermal charactei’lstlcs . 

2.3.4 Electrical Environment 

It is assumed that the solar array delivers power to a spacecraft bus at 
a voltage between 150 and 300 volts. 
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Table 2-2. System Requirements for Orbital Operations 

* Orbit of 500-600 km (Introduces launch site and inclination 
restrictions) 

* Attitude control 

— Stationkeeping acceleration ranges from 0.001 g to 0.01 g 
— Control system frequency separation of at least one decade 

* Thermal loading (not to exceed +1* average in pointing 
error) 

• Array orlentatlcxi (not to exceed + 0.5* in pointing error) 

-4 2 

• Atmospheric drag (4.3 x 10 N/m ) 

• Solar pressure (4.5 x lO”^ N/m^ in GEO) 

I • Gravity gradient (7.3 x 10 ^ N/m^) 


2.4 REQUIREMENTS 

In addition to the detailed cxrlteria established by the three operational 
phases of aiy mission, the array design governed the gromd rules 
previously enumerated In Section 1.3. Of greatest influence on the design are 

* Very near term technology readiness (1984) 

* Silicon and gallium arsenide compatibility 

* Shuttle compatibility 

* Very large power capability (multi -100 kW) 

The solar array described in this report satisfies these and other constraints 
which were considered for this program. However, in a particular future 
application, some or all of the constraints may be modified or removed, 
permitting a better specific design In that case. For example, a later 
technology readiness date, say 1990, would be able to tfdce advantage of 
liq>ro>«d solar cells and developmental advances In reflector fabrication. 
Althou^ GCRf6 Is a good coiq>romlse for a concentrator cospatlble with both 
cell types, a silicon desl^ Is optimized at lower values and a GaAs design 
at higher. In the latter case It should be possible to reduce cell costs and 
radiator weight by designing for GaAs cells only. For lower pcwer, a smaller 
concentrator element size can be used to lower cell operating temperature. 

Shuttle transport to orbit Is the likely mode for all large solar arrays 
In the foreseeable future. The present design makes effective use of cubical 
stowed modules (see Figure 2-2) to fose the available payload bay capability 
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• 4.S7 M DIA DYNAMIC ENVELOK 

• SHUTTLE LAUNCH/AIO«T LANDING WEK5HT/CG ENVELOPE 

• U.4 M AAAX PAYLOAD BAY UNGTH 

• 300LW TO MAX SHUTTLE LAUNCH CAPABILITY POWE* PEQUIKEAAENT 


2 MODULES 


I MODUU 



I.12M EVA ACCESS 
CUAJtANCE 


Figure 2-2. Modularity for Shuttle Compatibility 


to launch from 452 ,to 700 kW per filgfit. When Intermediate power levels are 
required, more flexibility is possible in the design of modules and in sizing 
concentrators . 
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3.0 DESIO) DESCRIPTION 

3.1 DRAWING TREES AND TOP LEVEL DRAWINGS 

The solar array preliminary design Is embodied In a set of drawings 
which, togecher with associated callouts and specifications, provides a 
physical description of the system as a whole and Its associated subsystems. 
Figures 3-1 and 3-2 are drawing trees showing the relationship between 
Individual subassembly drawings making up the total preliminary design and test 
hardware. Those drawings Illustrating major assemblies are Included In 
Volume 2. 

The array module design been broken down Into three major subsystems: 
the container structure, module Integration hardware and the power-generating 
or concentrator element. Figure 3-3 Illustrates the nomenclature adopted for 
the solar array. The fundamental building block Is the container which, when 
assembled Into a single module and deployed, forms a large rectangular area of 
19.4 m X 68 m. Modules attach to the user spacecraft along the longitudinal 
centerline of the container housing. The module structure consists of a 
set of six container housings attached end-to-end containing the folded 
ccQcentracor stacks, deployable masts and their canisters, and end caps 
which are extended by the masts. The power-generating conponents of the array 
are the concentratoT elements containing reflector panels which concentrate 
light onto the solar panels and a flat wire harness to combine and collect the 
power output of individual elements of the module. 

3.2 BASELINE AND UPDATES (OVERVIEW) 

The performance of the demonstration concentrator element conformed In 
all respects with design predictions. There have been few updates, therefore, 
on the baseline design defined in the mid-term report. 

Two approaches to reflector manufacture were retained In the baseline, 
namely the film-frame and the rigid panel. Difficulties In the fabrication 
of a successful reflector panel (l.e., one having acceptable flatness) using 
rigid-panel technology led to the conclusion that this approach should not 
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Figure 3-3. Concentrator Ai ray Module Nri^clature 


be used in a near-term (1984) desig’< and the fllm-fraine approach was selected 
for thi: final design. However, the rigid-panel approach still appears to have 
potential cost advantages and is discussed in Section 6 as a design ioprove- 
n»it. 

The baseline design took a conserv;..xve approach to the use of protective 
diodes at the panel level. Electrical experiments on the delivered so'^nr 
panels has given more Information on cell reverse bias characteristics and 
made possible the reduction of protective diodes Lot gallium arsenide panels 
in the final design. 

Structural design of the array proceeded oc the assunptlon that in the 
stowed confl^jratlcn the modules could be attached to the Orblter payload bay 
either by a cradle or bj an Integral supporting structure held together by an 
interior latch system. In the final design the cradle concept has been 
chosen . 
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3.3 MODULE CONnCURAIION 

The solar array is designed to be transported In the form of modules 
within the 4.6-m-dlameter, 14.4-m-long dynamic envelope of the Shuttle payload 
bay. The cubical designs Illustrated in Figure 3-4 provide the compact 
stowage of up to four single or two dual modules per Shuttle flight (see 
Figure 3-5). Compactly folded concentrator elements contained within the 
modules are protected from damage due to vibration and acoustic loads during 
launch by means of separation buttons on vulnerable surfaces. Structural 
Integrity of the containers Is maintained by means of a cradle system \dilch 
nL::.lntalns the module structure under compression during launch. 

Acceleration loads are carried out through attach points and transmitted to 
the Shuttle structure through a cradle or support structure. 

The single module , packaged la the form of a cube 3.24 m long per side, 
will be removed from the bay and deployed using die remote maneuvering system 
(RMS) arm grappling the cradle attached to the module. The six folded container 
sections of the array module will deploy in accordlan fashion, driven by 
rotary Incremental actuators. Five such actuators, each redundant in Itself, 
and each producing a 6.8 N-a of torque will execute the 180" rotation at each 
Joint to produce the 19.4-m-long deployed container sections (see Figure 3-6). 
The total tine required for this maneuver is 29 minutes. Each actuator 
provides 17.0 N-m holding torque while the linear Incremental actuators drive 
Che latching mechanism closed, taking 10 seconds. Extension of the contractor 
elements are chi.n accomplish;: d by the two s«ts of three canister-deployed 
continuous longeron double/slngle-laced (hybrid) masts which exteud Che end 
cap, carrying out the concentrator extension mechanism cables and the first 
conc'incrator element la each stack. Each mast extends a total of 32.4 m from 
the end of Its canister. 

3.4 CONTAINER STRUCTURE 

Figure 3-7 Illustrates the baseline design of a single container. Listed 
below Is the description of each subelement or subsystem housing In the con- 
tainer. The module consists of six* containers with two masts /canisters In 
three of the containers. The ocher three containers have concentrator elements 
stowed In lieu of the masts /canisters shown '<n Figure 3-7. Thus a sub-module 
can be formed using pairs of containers consisting of one with masts /canisters 
and another without. . , 
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Figure 3-4. Sclav Array /Shuttle Interface 
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Figure 3-5. Fjrray Module Stowage In Shuttle 


3-5 


SSD83-0075-1 




ORIGINAL PAGE 19 
OF POOR QUALFTY 


Rockwell 

International 


SPACECRAFT 


USER SPACECRAFT 


CONCEr 

TRANSl, 

MECHAT 


constant tension cable 


mast/canister 


container 

WIRE HARNESS 


HOUSING 

REasaOR PANEL 
^TRIPWIRE MECHANISM 

^ / STOWED 

CONCENTRATOR 


SHEAR PINS 


DEPLOYMENT MOTOR 


SOLAR panel tripwire 
MECHANISM 














4 


t yiH w ii Dhrition 


Rockwell 

International 


r 

3.4.1 Housing 

The hs <lng is the focal pol::t of the structural system with all sub- 
systems being attached to the housing. The prime drivers In the sizing of 
the housings were the concentrator element size. Shuttle con^atlbllity, and 
static and dynamic loads. Also due to the large number of parts Involved, a 
common, simple, mass-producible concept was required. The deslpi that was 
selected was a deslgr^ symmetrical about the longitudinal centerline. Each 
housing Is 0.54 m high x 3.24 m wide x 3.24 m long. There are two t 3 ^es of 
housings, one with five concentrator stack bays and a mast bay per side, and 
one with sir concantrator stack bays per side. 

The housing Is a truss-type structure made from two machined parts, four 
types of extrusions, one type of bent sheet metal, flat sheet metal shear 
webs and gussets. These parts are of 2024-T6 aluminum except for the launch 
support tubes which are stainless steel. Down, the center of the housing Is a 
truss-type boss 0.54 m high x 0.05 m vide with thg longerons being T-cxtruslons 
running the full length of thehouslng on both outv^r comers, top and bottom. 

All parts begin or aid at these longerons. The latch mechanisms, hinge mech- 
anism, deployment motor, wire harnesses, GDI's, CSTM's, solar poiel tripwire 
mechanism, reflector panel tripwire mechanism and the othev mechanical 
subsystems are mounted inside this box section. On the outboard sides of this 
cc^ui.ax box are. the concentrator stack bays. Each bay Is 0.54 m long (having 
six equal bays per side). On the housings with tuist bays, a concentrator 
stack bay Is modified by closing out the top and bottom of the structure with 
shear panels, and adding structures to which the extension motors and struc- 
tural tie-downs are mounted. The ':.~ys are divided by a truss structure having 
tie laiDch aiq>port tubes at the top to carry the lamch loads of the concen- 
trator element stacks. On the end cap/housing Interface there Ls an L-«xtruslon 
with shear pins at the base and vertical bent sheet metal stiffeners to support 
the launch support tubes. The' launch support tubes also attach to the end cap 
to dum). longitudinal launch loads Into the end cap. Inside the launch support 
tuber exists a thin bonded silicon rubber sheet with a slightly smaller Inside 
diameter than the slide mechanism outside diameter. This allows the extension 
of the concentrator elements to be semi -con trolled. The cable extension 
mechanism (GEM) cable runs down the center of the launch support tubes and 
attaches to the end cap. 
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3«4«2 End C«p 

Thi tnd cap la axcended by cha masts aid la used to extend the concen- 
trator elements from the housing, extend the constant tension cables from 
their mechanisms, and to carry the loads during atatlonlceeplng from the 
concentrator elements to the masts. The end caps are held In place during 
Ismch by a combination of shear pins, latcheii, and If one la required, the 
cradle system. The structure was designed to use very few parts to produce 
the structure. In the structural design, all the end caps can be built from 
one type of machined part, two t^'pes'of extrusion, raid one type of bent sheet 
metal along with flat sheet metal gussets aid shear panels. The end cap 
design uses for 2024-T6 aluminum. 

3.4.3 Csnlster/Mast Design 

The concept calls for a deployable structure (Figure 3-8) to extend the 
end caps from the housing, drawing the cables and tne first concentrator 
In each stack out of the housing. The mast also carries the on-orblt station- 
keeping loads from the end caps and concentrator elements to the housing. The 
mast chosen Is a hybrid-type single /double-lacad coirtlnuous longeron, canister- 
deployed mast using S-glass/epoxy for the longerons, battens and diagonals 
(see Figure 3-8). The canister envelope is to be 1.62 m long with maximum 
outside diameter of 0.50 m. The mast Itself will be 0.44 m diameter and 
32.4 m luig, fully extended. The longerons are a square cross section 
6.6 mm x 6.6 ran, the battens axe a rectangle cross section (V/T • 2.75) of 
3.74 mm X 10.11 mm, and the diagonals are a round cross section 3.3 mm 
diameter; all are of pultruded S-glaas epoxy. The hybrid last design Is 
capable of sustaining acceleration forces greater than 0.012 g before longeron 
buclklng occurs. The masts are spaced to carry approximately 12 concentrator 
element stacks each. The drive motors are each controlled through a central 
servo control mlt to allow for uniform extension. Each motor drives a bull 
gear with a pinion, requires 260 watts of power, and takes 27 minutes to fully 
extend one side of the array. The prime drivers In slxlng the mast were the 
ma xi mum outside diameter of the canister, the g loading during on-orblt 
stationkeeping, and the maximum stowed length of the canister. 
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The CSTM ••••ably coDslsr^ of • p^lr of C7S*> oomted to • so^ll pulley. 
F.^ch Assembly Is mounted to thn bsckslde of • CEM and attached by a 0.51 mn 
ttalnless steel cable to the last slide assembly In each set of concentrator 
• lament stacks (see Fi •.« 3-9). At the ad of the mast extcnalon, during 
theroal growth, or on-orblt st&tlonkeeplng, the CSTM maintains the extended 
stacks ader 7.2 N of prc-tanslon, allowing the last two and one-half 
concentrators to remain erected in the housing and translate within the 
launch support tubes. The maximum extension of the CSfM cable Is 1.0m. 

The pulley Is manufactured from a thermoplastic, and the CFS's are stainless 
steel wound on the pulley. There are 78 Identical CSTM's required In the 
single module concept . 
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2.4.5 Cable Extension Mechmlsm (CEM) 

The mechanism consists of a pulley assembly 0.31 m diameter that plays 
out braided stainless steel cable 0.51 mm diameter, 35 m long at constant 
tension using two constant force springs (see Figure 3-9). At full extension, 
the cable la under 20 N tension providing planar stability for the concentrator 
elements. There Is one CEM between each concentrator element stack per 
direction and one per direction on each end of the stacks. The mechanism Is 
a sleg>le design calling for seven different kinds of parts. The pulley and 
spring housings are thermoplastic, the constant force springs are stainless 
stesl, and the structure Is aluminum sheet metal. There are seventy-eight 
CEM assemblies in the single module concept. 



Figure 3-9. Concentrator Element Interfaces 
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3.4.6 Slide Assembly 

The slide assembly functions as the tie point for the concentrator stadi/ 
stack interface, the concentrator stack/lamch support tube interface, the 
concentrator stack/CEM cable interface, and the concentrator element stack 
spacer (see Figure 3-9). The slide mechanism is a two-part molded thermo- 
plastic part that is assembled on the CEM cable with adjacent concentrator 
element stacks. When the assembly process is finished, it allows the concen- 
trator elements to act as a continuous sheet, as opposed to individual rows, 
rjere are approximately 5000 slide assemblies in a single array module. 

3.4.7 Latch-End Cap Extension Mechanism 

At the Interface between the end cap and the housing on the end of the 
housing with the container/ container latching mechanism is a device called the 
latch-end cap extension mechanism (see Figure 3-10). The assembly allows 
activation of the latching mechanism in the end cap while the end cap is 
adjacent to the housing but does not Interfere with the end cap extension. 

The mechanism is attached by a control rod to the latch deployment /ex tension 
mechanism bell crank. When the bell crank is actuated, the control rod 
activates a slider linkage mechai ism across the housing/end- cap interface 
closing and locking the latch usln» a spring ret£dned over-center hinge. 

The latch-end cap extension mechanism Is made from 2024-T6 aluminum and 
requires ten assesd>lies for either single- or do (Ale -module concepts. 

3.4.8 Reflector Panel Tripwire Mechanism 

The reflector panel tripwire mechanism works in conjunction with, and in 
much the same manner as the solar panel tripwire mechanism. The cables run 
from the end c^ to the housing on the top of the concentrator elements. There 
are two 0.51 mm stainless steel cables per concentrator element stack (see 
Figure 3-11). The cables run from the top center of the end cap in an 
alternate zigzag fashion from one reflector half panel eyelet to the next 
concentrator element reflector half panel on the opposite side of the bay. 

This pattern continues all the way back to the housing. Upon leaving the last 
concentrator elenent, the cables enter the center of the housing box structure 
longeron cap in each concentrator stack bay, through the wire tension sensor, 
and to the torque tube pulley system. The pulley/ torque tube system is made 
from graphlte/epoxy tube and attached by bearing /flange to the housing. The 
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MODULE CONCEPT 


Figure 3-10. Deployment Latch Mechanism 
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tube runs the length of the housing. The tjrque tube /pulley assembly Is 
driven by a hollow shaft motor mointed to the housing. The pulleys are made 
from a thermoplastic and mounted to the torque tube. When the cable Is drawn 
in, the panel hinges are over-centered, similar t the solar panels, and the 
panels stow. There are two total assemblies In each housing, twelve per single 
module, all using redimdant parts. 

3.4.9 Solar Panel Trlp%ri.re Mechanism 

Incorporated into the desl^ of the system is the ability to stow the 
module after It has been extended, either fcr orbit transfer or at end of 
life for retuT" to earth for refurblihoen';. The solar panels have torslonally 
loaded springs at their hinge line, at> 1 need an external force applied to trip 
the over-center hinge /spring mecha.-'.sm to assure proper stowage (see Figure 
3-11). When the concentrator eleu cts are In the stowed configuration, the 
solar panels are perp;endlcular to the housing base with the panel hinge line 
being at the bottom. In the erected configuration, the solar panels are 
parallel with the base but translated up. The radiator panel tripwire 
mechanism consists of one set of 0.51 mm stainless steel cables per ccncei- 
trator stack bay and a torque tube/ pulley system inside the housing. The 
cables start at the lower outboard comers of each stack bay and run from 
solar panel hinge to solar panel, hinge on the same side of the stadc bay. 

After tsuxlng through all 66 concentrator elements, the cable runs through 
the lower housing box longeron, the cable tension sensor, and to the torque 
tube /pulley system. The pulley system is allowed to play out cable as the 
concentrator elements are deployed, allowing no restriction of the elements. 
During stowage, the mechanism Is engaged taking up the cable, over -centering the 
hinges on tlie solar panel thus allowing stowage sequence to take place. The 
design and materials are the same as the reflector panel tripwire mechanism. 

3.5 MODULE INTEGRATION HARDWARE 

The housings are assembled as containers (fully assembled with all sub- 
systems) and joined to the other containers to form a module; they are 
alternately hinged top and bottom so that they fold like a carpenter's rule. 

The design calls for staggering the mast/element and all element housings so 
that there are never more than 12 concentrator element stacks between each 
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mast. When fully assembled with, end caps, the stowed single module configura- 
tion Is a cube 3.24 m un a side, and when deployed, it is 0.54 m high x 3.24 m 
wide X 19.4 m long. For the dual module concept, they are assembled In much 
the same manner with only five hinge lines (6.48 m apart Instead of 3.24 m), 
the five additional points being fixed on the gromd by replacing the deploy- 
ment motors with a machined fitting, aid the latching mechanisms by bolts. 

Due to the minimum gauge extrusion chosen, the structure is already close to 
minimum practical manufacturing capability for this type of design, so there 
Is no structural weight penalty for the dual module concept. The dual module 
envelope Is 6.48 m long x 3.24 m wide x 3.24 m high stowed and deploys to an 
envelope of 0.54 m high x 3.24 m wide x 38.9 m long. 

3.5.1 Hinge Mechanism 

The containers are hinged together along coimnon centerlines. In both the 
single- and dual -module concepts, there are five hinge lines. On the hinge 
lines, along the top of the container /container Interfaces, there are six hinge 
points: two hinge points on each end cap, two In the central area of the housing, 

one at the end of one longeron, and the other hinge being the deployment motor 
at the end of the other longeran. On the hinge lines along the bottom of the 
contalner/contalner interface, there are eight hinge points: six the same as 

the top and t\o additional on the outboard edge of each housing adjacent to 
the end caps. The hinge structure is designed such that the parts are Inter- 
changeable The central housing structure also requires machined parts. The 
parts are left- and right-handed, but can be used as a pair at all container/ 
container Interfaces. With the addition of one machined part to replace the 
deployment motor and the Insertion of bolts to replace the latch mechanism, 
the single module concept can be converted to a dual module. The hinge 
mechanism is made from off-the-shelf ball bearings and machined 2024-T6 
aluminum plate. 

3.5.2 Deployment Mechanism 

Each container interfaces with the next via a set of ball bearing hinges 
and a deployment motor. The motor chosen is a rotary Incremental actuator. 

The baseline actuator is a small angle permanent magnet stepper attached to a 
harmonic drive speed reducer. The motor has a built-in redundant motor to 
maintain a minimum envelope. The harmonic drive ratio Is 100:1 with an output 
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capability of 0.A32 kg-sec n (10 alug-ft ), a holding torque of 17 N-m 
(150 In. -lb) powered, 5.7 N-n (50 In. -lb) unpowered, and a power requirement 
of 8 watts (24 VDC) . The total weight of each motor Is 0.91 kg (2 lb). Due 
to the compact size of the actuators, the motors can be used on either the 
single- or aual-module concepts without paying an additional weight or power 
penalty. There are a total of five motors required whether It Is the slngle- 
or dual-nodule concept. 

3.5.3 Latch-Derloyment/Extenslon Mechanism 

The housing to housing and end cap to end cap latch mechanisms share a 
common design, allowing for mass production of the latches. By Installing 
different clevis Inserts In the latch mechanism, they all become Interchange- 
able. There are four latch mechanisms per container, two located In the 
housing box structure at the end of the losrgerons, opposite the deployment 
motor ana hinge mechanism, and two In each end cap. The latches are driven 
by control rods from a bell crank assembly, which In turn Is dr^ven by a 
Uneer Incremental actuator. The actuator Is a small angle permanent magnet 
stepper with an output force of 44.5 N (10 lb) and a holding force of 13.3 N 
(3.0 lb). The latches on the end caps are actuated by control rods from the 
bell crank to the latch-end cap extmslon mechanism, which In turn actuates 
the latch mechanism locking the containers together. The latch mecheclsm Is 
an over-center hinge design so all loads are transferred through the latch 
housing to the structure and not back to the bell crank or motor. 

The latch housing Is mads from 2024-T6 aluminum and the linkage Is made 
from stainless steel. There are a total of 20 latch irachanisms for the 
single module concept. 

3.5.4 Shear Pins 

The module structure makes extensive use of shear pins. By using a v^ommcn 
design, the shear pins become a mass producible Item. During the launch con- 
figuration, the container/container Interfaces are retained in the transverse 
axis using shear pins. The end caps eve also held In their respective trans- 
verse axis using them. As tlie module Is deployed, the containers hinge about 
their deployment axis and latch with the adjacent container. During on-orblt 
maneuvering the shear pin design translates the shear and torsional loads 
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across the container/container Interface, and the latch and deployment mechanism 
takes the tension loads. The shear pins are made from stainless steel, with 
the single module concept requiring approximately 175 shear pin assemblies. 

3.5.5 W ire Harness (Container/Container) 

The wire haruess In the housing runs from one end of the housing box 
structure to the ocher. The wire harness acts as Che bus for Che Individual 
concencrator stacks, and has disconnects on either end for the housing/housing 
Interface. The wire harness Is made from a Kapton Insulator with a copper bus. 
The bus will be two conductors wide, 0.125 m wide each, and 0.30 mm Chick. 

There are up to ten of these layers deep (where housing ends In a user attach 
fitting). The total number of these harnesses required for Che single module 
concept Is six. 

3.6 CONCEMTRAIOR ELEMENTS 

The fundamental premise behind the design of a concentrating array Is the 
substitution of optical surfaces (the concentrator) for much of the area 
normally occupied by so-lar cells. In order for this approach to be effective, 
Che concentrator must be light In weight, much cheaper than Che cells It 
replaces, and must have reasonably high optical efficiency. These requirements 
Impose severe limitations on concentrator design. A variety of approaches have 
been considered. The film-frame reflector configuration shown In Figure 3-12 
has been selected for the concencrator element desi^i. 

The selected concept of a concentrator element has an aperture of 0.5 m 
X 0.5 m X 0.37 m high, and a solar cell area at the baue of Che reflector 
paiels of 0.2 m x 0.2 m. The concentrator elements fold along Che comers of 
the reflector panels and down the center of the side reflector panels. The 
solar panels attach to the bottom of the reflector panels and hinge along the 
same concentrator element centerline. They also hinge along the base of the 
full reflector panels. The concentrator element design Is compatible with 
either the GaAs or the SI solar panels. With the present design, the assembled, 
stowed, single concentrator element total thickness Is 20 on. 
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NOTE: AU DIMENSIONS ARE IN MILLIMETERS flNCHES IN PARENTHESES) EXCEPT AS NOTED 


Figure 3-13. Reflector Panels 


The lightest concept considered for reflector panel construction was a 
stretched film supported by catenary wires. This concept was ellmluated from 
further consideration because of difficulties In achieving a credible design 
for the mechanisms which erect and tension the support wires. The favored 
approach Is the use of rigid-frame support for stretched aluminized Kapton 
film panels. This concept and the solid, rigid panel concept referred to 
above can be used Interchangeably in the construction of the four-panel 
pyramidal conce: ..rator configuration. 

The frame on the stretched film craoept Is made in much the sane manner 
as the rigid panel. The selected concept calls for a chopped fiber impregnated 
thermal plastic (polysulfone graphite) frame molded as a single panel. The 
frames are then secondary-bonded to 0.05 mm double-cj jmlnlzed Kapton film. 

The film has a specular surface on the reflector side and a diffuse surface 
on the frame side. 
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Figure 3-14 illustrates the use of either the stretched film or the rigid 
panel version to make up a conqplete concentrator element consisting of two 
whole pKiels and two sets of hinged half-panels. The comers of the whole 
panels are suspended from the CDl cables by means of a slide wire mechanism, 
leaving the hinged panels and the hinged radiator free to fold compactly for 
stowage. Table 3-1 lists the thicknesses of the concentrator parts in stowed 
conditions. 

3.6.2 Solar Panel and Harness 

It is a design requirement that the solar array be compatible with both 
silicon (Si) and gallium arsenide (GaAs) solar cells. Because of detailed 
differences in available cell sizes and in cell characteristics, solar panel 
designs for the two-cell types will be different in some respects. Every 
effort has been made to minimize these dlfurences without seriously compro- 
mising the capabilities of either. Table 3-2 lists the characteristics of the 
two panels. Differences in the areal density between the two cell types is 
coim <sated for by reducing the thiclmess of the radiator /substrate for the 
GaAs panel. 



Figure 3-14. Concentrator Element 
(Stretched Film or Rigid Frame) 
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Table 3-1. Stack Breakdown 


Part 

Thickness 

Quantity 

Total 

Reflactor end panels 

3.25 

2 

6.5 

Reflector half panels 

3.25 

2 

6.5 

Solar half panels 

1.0 

2 

2.0 

Mlscalloieous 

0.83 

6 

5.0 

Total 



20 on 


Note: All dlnenalona are in nnn 


Table 3-2. Solar Panel Characteristics 


Solar Cell Characteristics 


Conversion efficiency at 28*C (Z) 

Solar absorptance 

Low CR optimized 

BSR 

BSF 

Thickness (am) 

Surface dimensions (nnn) 

Cover type /thickness (nm) 


14 

0.70 

Yes 

Yes 

No 

0.25 

50x50 

Fused silica/0.2 


18 

0.75 

Yes 

N/A 

N/A 

0.30 

20x20 

Fused silica/0.2 


Substrate /Radiator Characteristics 

Thickness (nm) 

0.6 

■ 

.5 

Aft/Ap 

2.0 

1 

.0 

Solar absrrptance 

0.22 


.22 

Smissivi 'ey 

0.»5 

■ 

.85 
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Figure 3-15 Illustrates the mechanical design of the radiator /substrate 
which Is connoo to both cell types. The radiator Is the area extending beyond 
the solar panel and has twice the area of the substrate. It folds using over- 
center hinges sc that the cell covered surfaces do not touch In the stowed 
condition (15 nm gap). The half-panels are identical parts having turned up 
flanges <r the sides and thermoplastic shoulder bolts holding the pnels 
together. Around both shoulder bolts are torsion springs that cause the panels 
to open. Stamped Into the radiator panel Is a small flange that fits over the 
lug on the base of reflector panel. A spring clip then fits over the assembly 
to lock the flange over the lug. On the other end of the solar panel /re fleeter 
panel hinge line, a small right angle bracket fits on the panel over the 
reflector panel lug and is riveted to the solar panel. The lug is retained 
in the bracket by a cotter pin. 


The slHcczi design radiator panels are made from 6061-T6 aluminum 0.64 mn. 
(0.5 mm for GaAs) thick. A white thermal control coating Is then applied. A 
layer of Insulation Is then bonded to the panel. The insulator Is 0.025 mm 
Kapton film bonded with a low viscosity high temperature epoxy. The solar 
cells are then Installed and the wire harness attached to the cells and fully 
bonded to the radiator panels. 


CELL 

PANEL 

SIZE 

aiL 

TYPE 

A 

B 

C 

SIZE 

SI 

353 

353 

.6 

so X W X 0.25 

GoAt 

353 

353 

.5 

20 X 20 X 0.3 


RADIATOR DESIGN DRIVERS 

• THERMAL CONDUCTIVITY 

• INTERCHANGEABLE PANELS 

• HINGED INTERFACE 

• COMPACT packaging 

0 CEU PROTEaiON 

• SIMPLE HARNESS INTERFACE 

• CONSISTENT MASS FOR S! OR GoAt 


/' 



ALL DIMENSIONS ARE IN MILLIMETERS, WIRE HARNESS OMITTED FOP. CLARITY 

Figure 3-15. Solar Panel Design 
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3.6.3 Electrical Dcslgp for Silicon Calla 

The electrical design of the silicon solar panel Is coisprlsed of two as- 
pects, the design of the concentrator element and the design of the solar array 
module and the electrical strings of which It Is comprised. This distinction 
Is made because of the vastly different end largely Independent set of design 
requirements which affect the two levels of the array deslpx. 

The solar panel design Is driven by the available cell sizes, the Inherent 
physical properties of the devices, and the envlrounent In which the device 
must operate. 

For silicon solar cells there are two basic limitations ai device size. 

The first Usilt Is the Czochralskl crystal growth technique which presently 
limits boule dlasieter to approximately 102 mm (4 In.). As a result, cell size 
la restricted to approximately a 59 am x 59 mm maxlsium. This large cell 
fabrication technology for planar array application Is being pursued und&i ue 
auspices of the NASA JSC by Applied Solar Energy Corporation (ASF.C). ASEC was 
the silicon solar cell panel subcontractor for this project. The cell size 
select'*', for the silicon solar cells was based upon the following rationale. 

The baseline concentrator design requires the cell area for the solar 
panel to be approximately 200 mm x 200 mm when deployed. Each half-panel Is 
then 100 mm x 200 mm. As each half-panel within the element la Isolated from 
Its mace, the array of solar cells must fit within this area. Obviously, a 
59 mm X 59 nm .. :ll would not be appropriate for this panel size due to a poor 
packing factor. If the boules were gro%m In a nominal 70 mm (3 In.) diameter, 
Che cells could be made 50 mm x SO mm. This device would fit the available 
envelope and still embody the large-area/ low-cost production concept. 

The second limitation Is the effective series resistance of a device which 
Is to be used for concentrator appUcrtlon. Assessments of the applicability 
of large-area devices to concentrators do not appear favorable. The high- 
current density and lon^ transmission distances In the n-contact grids of a 
concentrating solar cell appear to result In prohibitively high series resist- 
ance losses. This la usually overcome by changing the grid pattern and using 
more than one n-bar contact. The revised grid pattern Is not a problem. 
However, the uce of more than one n-bar contact results In a packing factor 
penalty which would negate the benefit of the multiple n-bars. 
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The use of multiple vreparo\sid n-ber coo tecta would rllmlnate the series 
reaietance and pecking factor losses In a large-area device. This solution, 
however, Is not without limitations. These devices heve not eccnomically beexi 
made In production qu» titles (estlmeted Increase of 15-20Z per cell over 
front/beck contact cells). The solar cell electrical Interconnects In a tnrap- 
around panel design become a constroLnlng factor. The wraparound contacts 
dictate the use of In-plne stress relief within the Interconnect. The In- 
plane stress relief Interconnect design la Impeded by having to be Isanersed in 
a material which could reduce the effective stress -relieving ability of the 
Interconnect design. The thermal conduction requirements in a concentrating 
solar array are such that the rear cell surface must be totally Immersed in 
the void-free adhesive which holds the cells to the radiators. Due to the 
requlrerent to keep the cell-substrate bond line thin, the Interconnect Is 
trapped In a narrow region. The In-plane Interconnect material Is prevented 
from deforming out of plane to any degree, and material fatigue Is enhanced. 
The Interconnect design for a ten-year LEO mission must survive a difficult 
environment (typically, 55,000 temperature cycles from -100*0 to <fl25*C) . 

Many planar solar arrays have be«i deslpied for similar missions, including 
e high expansion alusdnum substrate characteristics. The stringent require- 
ments seem to favor m out-^if-flane stress relief Interconnect design. 

The selected baseline design Is a conventional front/back ccntact cell, ' 
a silver mesh Interconnect with an out-of-plane stress relief loop bonded to 
an Insulated aluminum radiator with a silicone elastometer adlieslve. These 
aspects ox the design embody no new technologies. The low-CR optlmmed cell 
and interconnect have to be more fully develo^Aid and qualified for space 
application. 

The technology needed to use a %«ldlng, process for solar array manufac- 
turing Is new. A welding process waa selected for Interconnecting the cells 
irlthln the array and for attaching the wire harness to the array. This 
selection was based upon two criteria, the relatively high operating tengier- 
ature of the solar panel and the Icxig, low earth on-orbit life for the array. 
These two factors, when applied to the relatively well Imown fatigue life 
characteristics of soldered Interconnections, raise serious questions about 


3-23 


SSD83-0075-1 


StMiWa Intagratten A 
SjlaNIto Syttama OMsion 


Rockwell 

International 


the ab'llity of a soldered system to survive the mission environment. The 
welding Interconnection process Is not well understood, and represents a 
technology development Item. The proponents of this process claim It can 
meet both the high operating temperature aid long cycle life over wide 
temperature extremes required for this solar array application. The potential 
capabilities of this process have yet to be realized In a U.S. solar array 
manufacturing environment. 

Concentrator half-panels must be series Interconnected In order to develop 
a reasonable voltage for transmission of the large amounts of electrical power 
which the array produces. The selection of a transmission voltage should be 
based iq>on a user spacecraft system study and not on the solar array charac- 
teristics alone. In this case, where no user spacecraft was defined, 
engineering judgement dictated a bus voltage to be In the range of ISO to 300 V. 
In the absence of any more specific design criteria, a further Judgement was 
made. All concentrator elements within a deployed row are interconnected In 
series (l.e., one deployed row of 66 concentrators equals one electrical 
string) . 

The design of an electrical string Is driven by two considerations: 

(1) minimize the length of the conduction path, and (2) minimize the generated 
magnetic fields caused by ’’current loops" in the electrical network. Figure 
3-16 Illustrates the harness design for both the silicon and GaAs versions of 
an array module . 

Every half-panel is protected from reverse bias damage by the use of 
peripheral current bypass (shunt) diodes. These are bonded to the top surface 
of the radiator outside the confines of the reflectors. The need fjr bypass 
diodes is established by the relatively high bus voltage dictated by any high- 
power solar array and the electrical power subsystem In general. The effects 
of shadowing, associated with deployable solar arrays when coupled with these 
relatively high voltages, could pose a serious threat to the solar array. An 
analysis has been performed to determine the approximate reverse bias poten- 
tials which could occur In the baseline design. In the absence of a specific 
mission scenario, several assumptions as to operation of the solar array within 
an electrical power subsystem and a given orbital environment must be m^.de. 
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k NOCAP 



HOUSING 


CONCElvrTRATOF 

ELEMENT 

ASSEMBLIES 



STRING DESIGN 

SILICON 

GoAs 

VOLTAGE, V 

m 

257 

CURRENT, A 

9.0 

2.6 

POWER, W 

1746 

669 

Nj X Np 

132 X 1 (526 X 2) 

33 X 1 (330 X 51 

CELL Size, mm 

SOX SOX .25 

20 X 20X .30 

HARNESS DESIGN 



DROP, V 

4.7 

1.6 

EFFIOENCY, % 

98 

99 

MASS PER MODULE, 

kg 

603 

581 

MATERIAL COST PER 
MODULE, $ 

75,200 

72,500 


Electrical String Layout and Harness Design 


Typical of these is whether the array is series or shunt regulated, and' what 
the operational teoprature of the partially deployed arrEiy would be. The 
results of this analysis show reverse bias potentials on the order of -20 V 
can be expected across a non -illuminated half-panel. (Four series cells 
translate into -5 V per cell.) This potential is not considered particularly 
dangerous with respect to known space-t 3 ppe solar cells. There are uncertainties 
in the preliminary analysis which, when coupled with relatively unknown reverse 
bias characteristics of the baseline large-area, low-CR optimized slliccn solar 
cells, could reverse this assessment. Data collected as to the reverse bias 
characteristics during the concentrator testing indicated thsit only one diode 
was required (see Section 7.3.6). An assessment of this situation determined 
Lhac bypass diode protection is a viable approach to eliminating a possible 
problem with the baseline design. This is supported by the ease with which this 
design feature can be incorporated into the baseline design. 
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The In'ilvldual electrical strings are Isolated from the main power bus 
by Isolation diodes. These diodes perform two functions: 

e They prevent an electrical string whose open-circuit voltage Is 
less than the bus voltage from becoming a net electrical power 
consumer. 

• They can prevent certain short-circuit failure modes of the wire 
harness from being a catastrophic failure. 

A series /parallel redindant configuration was chosen for the baseline 
design. This configuration Is required to meet the "no slnjle-polnt failure" 
criterion which has been adopted In this array design. Again, any specific 
failure mode analysis to demonstrate the performance of the Isolation diodes 
reqiilres certain assumptions os to solar array operation within the user 
spacecraft electrical power subsystem to be made. It can be shown that under 
certain circumstances anything less than series /parallel redundant diodes will 
not allow the solar array to pass the "no single-point failure" criterion. This 
assessment Is not unique to this solar array design; It has validity In a large 
number of. If not all, applications. The physical location of the diodes with 
respect to the overall layout Is a detail design that can be determined for a 
specific array design based upon application requirements. 

As Is the case with most protective devices, certain design penalties 
are Incurred. The oenaltles which are Imposed on the design are small when 
coiq>ared to the benefits of the diode configuration. There Is a distribution 
system efficiency penalty with the efficiency of the diode package at approxi- 
mately 98 for a 194V bus. Another penalty to the design is cost. The 
total cost of the diodes (both Isolation and bypass) Is small when compared 
to the total solar array module cost. Diode unit costs are relatively low 
when conf)ared to solar cell unit costs, and there are relatively few diodes. 

3.6.4 Electrical Desigyi for Gallium Arsenide (GaAs) Cells 

The general design drivers for the GaAs half-panels are Identical to those 
for the silicon half -panels. It is the detailed Implemaitatlon which differs. 
The cell size, bypass diode placement, panel output characteristics, solar 
cell interconnect selection, etc. , are all likely to be different from the 
silicon half -panel design. The contractual requirement for a design which is 


3-26 


SSD83-0075-1 


tiltHWi tyttomt CMvItlen 


^1^ Rockwell 

International 


consistent with both silicon and GaAs solar cells has, however, been achieved. 
The consistency lies in the concentrator element physical characteristics and 
in cospatlbillty of either design with a single structural/mechanical design. 
The electrical design is cosq>rlsed of two basis tasks — that of concentrator 
element design, and design of the solar array module. 

The GaAs solar panel design, like the silicon design, is driven by avail- 
able cell sizes. For GaAs solar cells there are presently only two cell sizes 
from which to choose: 20 mm x 20 mm, and 20 mm x 40 mm. This may change as 

GaAs cell manufacturing technolo^ is developed. The Inherent brittleness of 
the GaAs cell substrate will present a considerable challenge, and may prove 
to be a limiting factor, in the maximum area per device vdilch is economically 
feasible. It is not clear, at this time, that large-area devices are the best 
approach to lowest cost per watt with this substrate /device type. Ultimately, 
the selection of a cell size will be driven by the cost factor, and the con- 
centrator configuration will be designed to utilize the lowest-cost device. 

The selection between the two available cell sizes was driven by the 
dimensions of the concentrator element vihich require the cells to be located 
within an approximate 100 mm x 200 mm envelope on the half -panel. This 
reqvilres an Integral number of cells to fit within the 100 mm envelope 
dimension. This simple consideration, plus restraints cn cell /in ter connect 
orientation due to the concentrator configuration, tends to favor the 
20 mn X 20 mm over the 20 mm x 40 mm cell size. A development contract 
currently under way to produce GaAs devices (USAF low cost GaAs solar cell 
development. Reference 9) has adopted this 20 mm x 20 mm cell size as a 
program goal. The results of this development will not be available until 
mld-19b4. The development of a larger area device would likely proceed, but 
could not be cost-competitive until development was complete. This program's 
contractual requirement is for end of 1984 technology readiness. This is 
consistent with existing development contracts for a 20 mm x 20 mm cell. No 
such contracts exist for a larger cell, and including this cell in a baseline 
design would require technology development at a rate beyond existing 
planning. 
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There are fifty 20 nm x 20 nm x 0.3 mm solar cells on each half-panel. 

The Illumination distribution (see Section 5.4) suggested a hl^ degree of 
electrical paralleling within the half-panel to minimize output mismatch 
losses. The selected configuration consists of groups of five cells connected 
in parallel (Np ” 5). Ten of these cell assemblies are connected In series 

• 10). This design should perform as though It were comprised of ten 

2 

extremely large area (2000 mx ) GaAs devices In series. 

To protect the devices from the space radiation environment, a fused 
silica coversllde (0.2 mm thick) Is applied to the cell top surface. The 
selection of fused silica was based upon several considerations; among these 
are availability, cost, and resistance to radiation degradation. The adhesive 
used to bond these covers could be either DC93-500 or (If proven to be less 
expensive) fluorlnated ethylene-propylene (FEP). The FEP option would also 
eliminate the relatively expensive ultra violet filter idilch must be applied 
to the fused silica to protect the DC93-300. It may also be possible to use 
a matte front surface coverglass to eliminate the magnesium flurlde (MgF 2 ) 
anti-reflection coating. An additional array fabrication step Is Included 
to further protect the cells from particulate radiation. The area surrounding 
the ohmic contact will be coated, after array assembly, to Increase the 
effective shielding density over this surface. 

The array on each half-panel must be protected from reverse-bias effects. 
The technique adopted In the baseline GaAs design Is the same as that used In 
the silicon design — peripheral bypass diodes. Th« reverse-bias characteristics 
of the GaAs devices and the response of the baseline design In the operational 
scenario determine thie placement of the diode shunts within the electrical 
st.rlng. In the absence of comprehensive, statistically based test data on 
mass-produced GaAs solar cells, the selection of this tap point Is somewhxat 
arbitrary. This Is complicated by lack of In-depth operational scenario for 
the solar array. To help alleviate the former problem, Rockwell performed 
some reverse-bias testing on GaAs devices In conjunction with hardware testing 
(see Section 7.6). These test data established a performance benchmark which 
was used in updating the baseline design. The assumptions, with regard to cell 
and operational performance, have driven the design to an electrical tap with 
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a shunt diode at every two series cells. This is a conservative approach 
which may be modified as necessary for a specific array design and applica- 
tion. Isolation diode protecticm is identical to the silicon string design, 
l.e., series /parallel redundant. 

The interconnection of these half ■panels into an electrical string is 
handled in the same way as in the silicon design. The difference lies in the 
number of concentrator elements needed to develop bus voltage. The higher 
per cell output voltage and the greater nuinber of series cells per half-panel 
dictate fewer series concentrators per electrical string. Each deployed row 
will contain four strings. In this configuration (see Figure 3-16), the output 
characteristics of an electrical string would then be: 

• Max. output power ■ 669 watts 

• Currffit at Pm ■ 2.6 amperes 

® Voltage at Pm ■ 257 volts 

The assembly of the cells into an array will utilize a welding process. 

This assembly technique is subject to all the restrictions and reservations 
described in the discussion of the silicon design. 

The interconnect design will be the out-of-plane stress relief type. This 
was selected because of the front/back ccmtact configuration which will most 
likely be used on the early production GaAs -cells. The cell will be bonded 
to the substrate /radiator using a silicone elastomer adhesive. A relatively 
low-cost system could be a mixture of RTV-566 and RTV-567. Bondllne thickness 
ccntrol is critical to regulate mass properties, to ensure adequate curing of 
the adhesive, and to maintain good thermal conduction between the cell and the 
radia'-or. 

Wire harness design is similar to the silicon array. The current density 
is determl.ied per the technique discussed in Section 5.5. Because there are 
four strings per deployed row of concentrators, there are additional conductors 
necessary to deliver power frjm the electrical strings which terminate away 
from the root of the extended row. This is unlike the silicon design which has 
only one string per deployed row. 

The coverglass material selected for the GaAs devices is fused silica. 

The adhesive is DC93-500. The FD’/frosted, fused silica covering system may 
not be applicable to GaAs devices due to the extreme tenperature and pressure 
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cycle needed to reflow the adhesive. This process may, especially If a curved 
platen teclnique were to be needed, cause excessive breakage of the brittle 
GaAs cell. The developmental emphasis should remain upon low-cost production 
of cells and substrates, not on a potentially lower-cost covering process. 

The GaAs upper ohmic contact will — like the silicon design — be coated to 
protect against low energy protons and other particulate radiation. 

3.6.5 Harness Deslgi 

The interconnection of the individual concentrator element assemblies 
into an electrical string is accomplished through the use of flat, flexible 
prlnted-clrcult wire harnesses. This type of wire harness offers several 
distinct advantages over a conventional roixid wire-bundle harness. Production 
of this type of harness Is highly automated, resulting In relatively low unit 
cost. The ^.amess Is flat and thin, offering unparalleled packaging options 
when apace la at a premium, as In the fully stowed configuration. The thin- 
ness results in an extremely flexible harness which Is necessary for the 
complete unfolding of the harness during deployment of the concentrators from 
the densely stowed condition with a minimum of stress. Wire routing can be 
as complex as necessary without the production problems associated with round 
wire conductors because the wiring layout is fixed by artwork. This same 
artwork, when coupled with a photo reals t/etchlng process, accounts for the 
ease and consistency with which even complicated routings are reproduced. 

Multi-layer printed circuitry is comnon, but at the expense of thinness 
and flexibility- Two laminated harness layers are used within the deployed 
rows. This Is used in an area such that no storage (thinness) or bending 
(flexibility) penalties are incurred. The main power bus, which runs 
centrally through the housing, builds up to twelve separate layers as addi- 
tional container housing are picked up before entering the user attach 
fittings on the last housing. This harness is ten separate layers thick 
where it passes over the last rotating hinge line. The layers are not 
laminated together so as to maintain as flexible a harness as possible. 

The baseline array module voltages are about 194 volts for SI and 257 volts 
for GaAs. 
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The harness is sized so as to maintain an optimum current density in all 
sections under nominal conditions. This optimization is described in Section 
5.5. The optimum current density is maintained by varying the cross-sectional 
area of the conductor to accommodate the current in the circuit branch. For 
printed circuitry, this is achieved by varying the width of the conductors 
which are uniform in thickness, or by using multiple parallel layers of 
conductors, or both. 

The selected materials are copper conductors, laminated between layers 
of Kapton by a modified acrylic adhesive. The copper used within the electri- 
cal strings is 0.14 mm thick, with 0.025 mm adhesive and insulator layers. 

The copper used within the housing is 0.28 mm thick with similar adhesives and 
insulators. Localized plating of the copper may be needed to enhance weld- 
ability. The width of the copper varies depending upon the current from either 
the silicon or GaAs cell designs. 
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4.0 MANUFACTURING SEQUENCES 

The array module design described In Sectlcn 3.0 lends Itself to a 
logical fabrication plan by which parts and materials ai u constructed and 
assembled Into the finished system. This section provides a step-by-step 
description of the manufacturing sequences required. 

Figure 4-1 Illustrates fabrication of Individuals sets of reflectors 
panels. Each concentrator element requires two full panels and tour half- 
panels. Each panel consists of a molded frame so configured that only the 
extreme outer edge of the Kapton reflecting film Is adhesively bonded to the 
frame. Panel frames are molded, cleaned of flashing and Inspected. Adhesive 
Is then added to the bonding area and the alumlnlze;d film Is applied under 
tension . 

Individual panels are taped to form the comers of the pyramidal concen- 
trator elements (Figure 4-2). Reverse- taping Is applied at the fold lines 
joining half-panels. Individual concentrator elements are joined to adjacent 
elements by means of pinned joints. The reflector panel subassemblies are 
stored In folded condition, ready for later assembly operations. 


Figure 4-3 shows the procedures for fabrication of the solar panel si^- 
assembly. Substrate-radl'tors are formed as half-panels of sheet aluminum; 
configuration details Include hinge brackets. The central area where solar 
cells will be applied is masked off and the remaining (radiator) surface Is 
painted with optically selectlw paint. An electrically Insulating layer of 
Kapton film Is bonded over the aluminum substrate; solar cells are bonded to 
the Kapton and interconnected. (Note: Solar cells will be supplied by 
subcontractor; the entire lay-down procedure may also be performed by sub- 
contractor.) Completed solar panel halves are joined into subassemblias by 
means of springs,, bolts , washers and nuts. Individusl solar panel subassemblies 
are connected by wire harness assemblies; a special harness terminates each 
row and provides connections with a central module harness. Protective diodes 
are Installed on the panels. 


4-1 


SSD83-0075-1 


OKIGIi^AL PAGE S3 
OF POOR QUALFTY 


^1^ Rockwell 

International 


. . fcrtig ra ll u ii a 

■eeNto tmrttma OMbIm 


BASELINE 




Figure 4-1. Reflector Panel Assembly 


CONCENTRATOR TO CONCENTRATOR INTERFACE 
(typical. TWO PLACES, EACH PANEL JOINTJ 



WITH TAPE 


Figure 4-2. Concentrator Element Subassembly and Stack Assembly 
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•INSTALL DIODES 


Figure 4-3. Solar Panel Subassembly 


Tlie concentrator element stack assembly Is formed by joining the reflector 
panel subassembly with the solar panel subassembly (Figure 4-4). Individual 
ccDcencrators are joined at the perimeter of the solar cell panel by means of 
bond clips. Concentrator elements are folded after assembly and stored ready 
for later steps In the sequence. 

The housing assembly (Figure 4-5) Is constructed from elementary struc- 
tural members by means of riveted joints. The launch support tubes, vdiich 
support the folded concentrator elements, are Installed on the complete 
structure. Two end caps are assembled separately. The configuration shown 
accommodates two canister/mast assemblies and 8 rows of concentrator elements 
for a single container array module design. 

Figure 4-6 Illustrates the steps taken to add mechanisms to the housing. 
These Include the solar panel tripwire mechanisms, the reflector tripwire 
mechanisms, the concentrator stack translation mechanization and the cable 
extension mechanism. Required brackets are fabricated, assembled and installed 
on the housing. Similarly, the mechanisms are t.xbrlcated, assembled and 
Installed. 
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CONCENTRATING ELEMENT STACK ASSEMBLY 
V4I6-945001 



Flgu*« 4-4. Stack Assembly 
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Figure 4-5. Housing Assembly 
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Figure h-6. Installation of Array Mechanlsns 


The central wire harness which collects power from the harnesses servicing 
individual rows of concentrators is Installed below the nechsnisms along the 
central axis of the housing (Figure 4-7). Mast/canister assemblies are installed 
in pairs, back-to-back' within one row of the container housing which would 
normally contain concentrators. The baseline module is made up of three. con- 
tainers with mast pairs and 10 rows of concentrator elements and three without 
masts (12 rows of concentrator elemoits) as shown in Figure 3-7, Section 3.4. 

The mast/canister units are assembled and delivered as a tnit by the subcontract 
Other configurations are possible as indicated by Figures 4-5 through 4-9, 
which show 8 rows of concentrator elements end a pair of masts. 

The concentrator stack assemblies are installed in the container rows as 
shown in Figure 4-8. Individual concentrator elements are supported by means 
of slide assemblies which ride on tie launch support tubes. Stack harness 
terminals are hooked up to the central collection harness running through the 
center of the housing. Electrical checkout is performed after assembly. 
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Figure 4-8. Coocantrator Stack Installation 
4-6 


Figure 4-7. Mast and Wire Harness Aaseoblies 
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The last procedure In container assembly is the Installation of end caps 
and access panels (see Figure 4-9). The end caps are attached to the ends of 
the masts, the last coicentrator element in each row and the cables which 
maintain tension up C3 t which the concentrator elements ride. Access panels are 
Installed which close out tiie top, bottom aid ends of the central housing space. 
A final inspection cosfiletes the container assembly. The module assembly 
utilizing more than one container assembly can be interconnected as discussed 
in Section 3.5. 



• • ^lAU INO Q.AP ASSfMtUfS -SlCim to MAST/CANM«Tfi ASSfMtllES 

a :KO«»>Ut! tOINOCA»ASSI^tl2 
a tNSMU. ACCISS MNIL 5 00^, WnCM ANOfNW. AS 
a NiASIPT COMTlfTI 


Figure 4-9. End Cap and Access Panel Assembly 
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5.0 ARRAY TRADE STUDIES .J^D PERFORMANCE ANALYSIS 

This section describes In detail the features of the GaAs and slliccn 
versions of the concentrator array design. An account of the trade studies 
and parametric analyses from vhlch the design was derived Is included. 

The overall credibility of the final array desi^i idilch results from this 
program will rest upon design judgement, analytical predictions and test 
results. Table 5-1 lists the important design issues which have been idoitifled 
and categorizes them in terms of method of verification. Some issues, such as 
those relating to mechanisms, mechanical supports aid connectors, are not 
readily solved by analysis alone, yet embody familiar principles and techniques. 
For these issues design judgement is appropriate. There are a number of issues, 
particularly those relating to structural, optical, thermal and electrical 
performance , where good quoititativ.. prediction methods exist. Here, parametric 
analysis is most effective in establishing component design features. Finally 
there are other issues, some critical to the desifp , which are either new or 
embody features not conducive to analysis. These, require experimental demon- 
stration of their feasibility. 

5.1 TRADE STUDIES 

The design depends upon the results of a large number of trade studies 
involving structural, electrical, optical and thermal considerations. The 
chief structural trades are summarized ir. Table 5-2. They deal with geometrical 
constraints as well as with the stresses and deformations associated with 
thermal gradients and static and dynamic loads. 

A major driver throughout the design has been the stacking parameter, N. 

Not only does it affect structural and volumetric properties of the module as 
a whole; it also influences thermal performance, solar cell sizing, electrical 
design pos<:ibly cost and weight. The implications of other choices for N 
are discussed later in Section 9. 
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Table 5-1. Concept Verification Major Design Issues 


ITEM 

NO. 

DESIGN ISSUES 

DESIGN 

JUDGMENT 

ANALYSIS 

TESTING 


CONCENTRATOK PACKAGES WITHIN PRESCRIBED ENVELOPE 


X 

X 


SOLAR CELL, RADIATOR SUITABILITY FOR LAUNCH 


X 



CONTAINERS AND TIE SYSTEM SUITABILITY FOR LAUNCH 

X 

X 



RELEASE OF SUPPORT FiniNGS (IF NECESSARY) 

X 



5 

REMOVAL FROM SHUnLE/POSITION FOR DEPLOYMENT 

X 



6 

DEPLOYMENT Or CONTAINERS AND LOCKING OF JOINTS 

X 



7 

RELEASE OF END CAPS FTOM MODULAR TIES 

X 



8 

MAST EXTENSION 

EXISTING DESIGN 

9 

EXTENSION OF CONCENTRATORS AND SOLAR PANELS 

X 


X 

10 

EXTENSION OF CABLES AND POWER TRANSMISSION LINES 

X 


X 

11 

FINAL LOCKING OF ARRAY 

X 



12 

DEVELOPMENT /MAINTENANCE OF REQUIRED CABLE TENSION 

X 

X 


13 

REFLECTOR SPECULAR QUALITY TO REQUIREMENT 



X 

14 

REFLECTOR FLATNESS QUALITY TO REQUIREMENT 


X 

X 

IS 

REFLECTOR ARRAY DIMENSIONAL QUALITY 

X 


X 

16 

REFLECTOR POINTING ACCURACr TO REQUIREMENT 


X 


17 

SOLAR ARRAY MODULE CONFIGURATION GENERAL STABILITY 


X 


18 

SOLAR ARRAY MODULE CONFIGURATION USER SPACECRAR 


X 



LOAD SUITABILITY 




19 

SOLAR CELL/RAOIATOR t’ERFORMANCE 


X 

X 

20 

TOTAL CONCER WEIGHT VERIFICATION 


X 

X 


Table 5-2. Summary of Structural Trade Studies 


Trade Issue 

Design Choice 

Rat lonale 

Module stowed dimensions 

Cube, 3.24 m per side 

Orlen tation - insensi ti ve , 
less than one-quarter bay 
length 

Stacking parameter, N 

N - 6 

Efficient, low mass 
radiator; adequate mast 
diameter 

Single-axis vs. dual-axis 
deployment 

Single axis 

Efficient use of canister 
stowage, less complex, 
simpler user vehicle 
interface 

Shear-panel vs. drag truss 
Housing design 

Drag truss 

Lighter weight, low cost 

Mast design 

Canister deployed 
hybrid (single- and 
double-laced) 
continuous longeron 

Adequate bending strength; 
stowage room for canister 
ax ve lope . 
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The electrical trades are summarijsed in Table 5-3. Component availability, 
design Judgement and quantitatiA« oialysls all played a part in the selection 
process. Electrical trades were carried out at the cell, panel and module 
level in order to optimize output with respect to cost and weight. 

Optical trades are summarized in Table 5-4. Two of the most slgnlfican r., 
namely the selection of geometric concentration ratio (GCR) and the rejection 
of selective ("cold mirror") reflecting surfaces were decided during the 
proposal phase for this program. Much of the optical analysis performed has 
been directed toward predicting sensitivity to pointing errors. However, 
it also served to select optimum thermo-optical reflector characteristics. 


Thermal analysis has been used primarily to assess output performance of 
the design but also served to optimize radiator size and thickness and to 
select reflector back-surface coatings (see Table 5-5). More exotic candidates 
were considered as substrate-radiator materials before aluminum sheet was 
selected. Alternatives such as pyrolytic graphite may be further considered 
as desigp improvements. 

In the following aectioos, the individual trades and analyses are pre- 
sented in more detail. 
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Table 5-3. Summary of Electrical Trade Studies 


Trade Issue 

Design Choice 

t 

P.ationale ■ 

Coverall de 

0.2 mm thick fused silica 

Coimnon fcr Si and GaAs . 

Silicon cell size 

i 

1 

50 nn X 50 mm X 0.25 nm 

Largest available size fitting 
panel area with good packing 
densl ty . 

Gallium arsenide 
cell size 

20 nm X 20 mm x 0.30 mm 

Same as above. 

Interconnect 

Silver mesh welded, out- 

Large number of thermal 

design 

of-plane stress relief 
loop 

cycles. 

String desl^ 

Parallel cells In each 
half-panel. GaAs — four 
electrical strings per row; 
SI — one electrical string 
per row. 

Minimizes Illumination mis- 
match losses. 

Moderate module voltage. 

Harness design 

Flat flexible cable, 
coimter current harness 

Excellent packaging, necessary 
flexibility, minimizes DU 


Table 5-4. Summary of Optical Trade Studies 


Trade Issue 

Design Choice 

Rationale 

Concentration 

ratio 

GCR - 6 

Best compromise for both Si 
and GaAs 

Reflector wave- 
length selectivity 

Non-selectlve (aluminum) 

Selective coatings are angle- 
sensitive. 

Treatment of 
reflector corner^ 

Full specular reflectivity 
for comers 

Highest electrical output; 
acceptable reflector 
tenperatures. 

Table 5-5. Summary of Thermal 

Trade Studies 

Trade Issues 

Design Choice 

Rationale 

Radiator-subs trate 
material 

Aluminum sheet 

Cheap, familiar, workable 
material with adequate 
conductivity. 

Radiator size and 
thickness 

Radiator area twice solar 
panel; 0.5/0. 6 nn 
(GaAs/Sl) Al sheet 

Minimizes radiator specific 
weight; maintains acceptable 
SI cell temperature. 

Reflector back 
surface treatment 

High diffuse reflectivity 

Improved radiator heat 
rejection (top side). 
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5.2 STRUCTURAL ANALYSIS 

The studies described in this section cover a vide range of topics from 
the dynamic behavior of entire arrays to local stresses developed within 
individual members. The design constraints arise both from launch /Ian ding 
in the Shuttle payload bay and from operation attached to a space vehicle in 
low earth orbit. Structural trades played a major role in establishing the 
size and shape of the final array module design and its co]q>aQent parts. 

The prime stxuctural elements in th*>. design ere the six lattice masts 
which actuate deployment of the array and provide structural support when 
deployment is conplete. A number of trades aid analyses dealing with the 
masts themselves have been performed bv Lne subcontractor. Astro Research 
Corporation. These are described in references 10 and 11 and summarized here. 

5.2.1 Structural Requirements and Constraints 

Certain constraints have been imposed on the design by the terms of the 
contract itself. The requirement that all components chosen be consistent 
with 1984 technology rules out materials and devices which are not well along 
in development. Operation in low earth orbit Introduces considerations of 
atmospheric drag and gravity gradient force. It also increases the frequency 
and decreases the range of the thermal cycling due to earth eclipse. The 
requirement for a Shuttle launch of multi -100 kW arrays influences the 
geometry of both the stowed and deployed structures. 

The generic application mission of the array module had an Influence on the 
structural design. The acceleration associated with station keeping could not 
be narrowly defined thus requiring that a broader range of values be considered. 


The requirement for compatibility with the Shuttle payload bay has 

resulted in the stowed configuration shown in Figure 3-4, Section 3. The cradled 

concept provides internal stq)port members designed to withstand the quasi- 

static launch loads given in Table 2-1 and to transfer these loads to the 

exterior of the module, to be picked up by the external support mechanism. 

Experience with several Shuttle flights has generated new launch and landing 
fl21 

load data which suggests that the design loads may be reduced in the 
future . 
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The stowed modules must also withstand the vibrational and acoustic loads 
described In Figures 3-4, Section 3, 5-1 and 5-2. There Is also ai Indies tlcn 
that these requirements may be reduced as presented In Refermce 7. 

Operation of the deployed array In low earth orbit Introduces a different 
set of structural requirements. The array Is acted on by a nuod)er of forces. 
Some, like solar pressure, are negligible. Others such as atmospheric drag 
can Introduce small structural deflections; a more significant effect of 
atmospheric drag, however. Is the need for periodic thruster operation to 
counteract orbital changes (statlonkeeplng) . Gravity-gradient force Is toe 
small to produce significant steady-state deflections; however the force 1.- 
periodic (twice orbital frequoicy) and Is thus capable of resonating with 
low-frcquency modes In a large structure. 

The largest loads encomtered in orbit result from stationkeeping accel- 
eration. Since no specific space vehicle has been prescribed for this program, 
the probable range of accelerations has been approached parametrically. From 
recent studies of large space structures and their on-orblt thrust requirements, 
a range of from 450 N (100 lb.) to 1800 N (400 lb.) was estimated. Figure 5-3 



Figure 5-1. Unloaded Main Longeron and 
Keel Vibration Estimates 



Figure 5-2. Vibration Attenuation 
Factors 
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LARGE SPACE STRUCTURE LARGER SPACE STRUCTURES 
(EXCLUDING ORBITER) (INCLUDING ORBITER) 



USER-SPACECRAFT MASS 
(1000 leg) 


Figure 5-3. Stationlceeplng Accelerations 


presents acceleration levels for both thrusts as applied to space vehicle 
masses (includirg arrays) from 50,000 to 200,000 kg. The resulting accelera- 
tions range from 0.001 to 0.01 g. Superliif>osed on the plot are the capabilities 
of two lattice mast designs, to he discussed later. 

5.2.2 Structural Trades and Analysis 

Module Geometry 

The stowage volume for sizing the array module was based i^on trade 
studies performed to determine the size of concentrator elements that could 
be efficiently packaged in a cube with side dimensions that would fit within 
the Shuttle orbiter cargo bay. Figure 5-4 presents the Issues md the inter- 
relationship of the number of containers aid concentrator element size that 
could be stacked within the 3.24 m per side array module stowed volume. The 
N > 6 configuration was selected on basis of number of concentrator elements 
required for providing high power ('vlOO kW), structural compatibility between 
mast diameter aid deployed length, and upon thermal consideration for passive 
radiator sizing. 
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4.57 m OIA 
DYNAMIC ENVILOPC 


ISSUES/DKIVERS 

DEPLOYMENT COMPLEXITY 
ARRAY MODULE ASPEa RATIO 

canister length 

CONCENTRATOR STACK LENGTH 
M-\ST DIAMETER 
PACKAGING EFFICIENCY 
• ELEMENT SIZE (CONCENTRATOR) 



•N • NUMBER OF CONTAINER STACKS 


N* 

3.24/N 

’Ll 

L2 

H 

CSH 

'«C 

SH 

MAST 

DIAMETER 

I 

3.240 

3.15 

1.286 

2.333 

3. 155 

3.24 

2.512 

3.14 

2 

1 620 


0.633 

_L.i4a_ 

1.552 

1.62 

1.236 

1.52 

3 

1.080 

i.to 

0.408 

0.740^ 

1.00! 

1.080 

0.777 

0.98 

4 

0.810 

0.75 

0.306 

0.555 

0.751 

0.81 

0.598 

0.70 

f 

0.648 


0.245 

0.444 

0.602 

0.648 

0.478 

0.57 

6 

0.540 

OiK, 

0.204 ■ 

0.370 

0.501 

0.540 

0.399 

0.44 

7 

0.463 

9f<? 

0.171 

0.317 

0.426 

0.463 

0.341 

0.40 

8 

0.405 

0.36 

0.147 

0.277 

0.371 

0.405 

0.298 

0.34 


0.270 

0.25 

0.102 

0.185 

-0.250 

0.270 

0.199 

'’.21 


NOTE; ALL DIMENSIONS 
IN METERS 


NEW MAST DEVELOPMENT 
REQUIRED HEAVY 
RADIATOR 


NOT ENOUGH STRUCTURAL 
DEPTH, TOO MANY PARTS 
REQUIRED FOR MULTI-100 kW 
APPLICATION 


••COULD BE applicable TO SPACE STATION APPLICATION POWER LEVEL 


Figure 5-4. Shuttle Moldlines Versus Concentrator Element Envelope 


The overall 4:'jnenslons of the deployed and extended module represent the 
simultaneous satisfaction of several extension length criteria: 

• Mast Stowage Limit — The maximum extended length of continuous 
longeron canister deployed single /double- laced mast 0.44 m In 
diameter which can be stowed in the 1.62 m canisters. 

• Concentrator Stowage Limit — The maximum extended length (0.5 m 
per concentrator) which can be spanned by the number of foloed 
concentrators (20 •mn per concentrator) stowable in the container 
housings. 

• Mast Stresc. mit — The mast length capable of carrying the 0.008 g 
station keeping load with 1.5 safety factor. 

Table 5-6 Illustrates these limit lengths zid the corresponding number of 
extaided concentrators \diich could be acconmodated. 
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Table Compariecxi of Module Extension Llndts 


Limit Criteria 

Extension Length 

Equlvaloit No. 
of Coiccntrators 

Hast stowage 

35 

70 

Concentrator stowage 

40 

80 

Mast stress 

32.4 

66 


Mast Dlnenslons 

The dlnenslons of the stoifed nodule and of the Individual concentrator 
elenents require each canister-deployed nast to be ccnflned In the stowed 
condition In a space of 0.54 n by 0.34 n by 1.62 m. In addition, the struc- 
tural design of the housing Incorporates girders whlcli restrict the available 
stowage area to an Inside diameter of 0.476 m and, thus, the nominal mast 
diameter to 0.443 m. 

As In many large space structures presently under study, the strength of 
tte Astromast structure becomes the most lo|>ortant design criterion, although 
stiffness must also be considered. 

Astro Easearch, the sii> con tractor, has analyzed both a single-laced and 
a double-laced mast that Incorporates twice as many battens and lacing as 
normal which increases the local buckling strength of the longerons. 

As sizing criterion, two ultimate levels of uniform lateral acceleration 
were provided for a load case In which the mast would act like a fixed-end 
cantilever: 0.004 g for the standard single-laced mast and C.008 g for the 

double-laced mast. In addition, the double lacing In the tip portion of the 
Supermast can be ellmlnaced where bending forces remain below the strength 
level of a single-laced configuration. 

The masses cot. trlbu ting to bending forces during lateral accelerations 
were specified as 

• cap, 13.1 kg per mast at tip 

• Concentrators, 254 kg per mast acting at the tip 

' * Astromast, as determined by design variables, distributed 
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In addition, a concentric axial conf)re88lon load of 330 N per mast, reaultlng 
from the tenalonlng mechanlam of the array, waa apeclfled. 


Figure 5-5 ahovs alngle-laced meat capablHtlea aa a function of maat 
radii and atatlonkeeplng accele rat Iona. The figure alao ahowa the required 
canister lengtha asaoclated with the radius aid deployed lengths. The 
maximum canister envelope la approximately 0.49 m which limits the maximum 
maat radius to 0.44 m. 


The structural capability of a 0.44 m diameter mast extended 32.6 (root 
length) is 0.004 g acceleration. Increasing the at at Ion keeping acceleration 
above 0.004 g requires a stronger single/double laced mast combination. 

Figure 5-6 represents the structural capabilities of a single/double laced 
mast (hybrid mast) aa a ftinctlon of maat radius, accelerations and batten 
stiffness (El. /El.). Double lacing requires more stowage area, thus to 
maintain a 1.62 canister height envelope requires rectoigular battens to 
Increase packing efficiency. Utilizing a 0.44 m hybrid mast with batten 
width to thickness ratio (W/t) of 2.5 allows 0.008 g stationkeeping maneuver. 

Dynamic analyses were performed on both dual direction extension (Case 1) 
and single direction extension (Case 2) configurations as shown In Figure 5-7. 
The appeidage-clanped frequencies were developed to assess user spacecraft 
controls conpatlblUty. A decade separation of controls bandwidth with 
appendage frequencies generally assures no interaction. Systems being designed 
with less separation. Including Intersection of structural frequencies with 
controls frequency range, would require precise loiowledge of the structural 
frequency and the associated danping. An indication of loads and pointing 
sensitivity to transient loading to the user spacecraft Is shown for two 
typical configurations. Case 1 represents the baseline array module configur- 
ation and Case 2 configuration arsumes an array module deploying concentrator 
elements from the container housing In one direction only. The response 
frequencies, end cap (tip) accelerations and the mast root moment (M) are 
provided for both cases (R Is the rigid body mode In the disturbance direc- 
tion). 


5-10 


SSD83-0075-1 


MAST DIAMETER, D (m 


ORIGINAL PAGl 
OF POOn QUALITY 


MmIN« Dhrtalon 


^1^ Rockwell 

International 



FiRurw 5-5. Mast Structural Capability (Sinale LacedT 
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MODAL FREO 
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CHARACHRSTICS 

n 

0.0)7 

HOUSING TENSION 

p 

0.049 

HOUSING lENOINC 

II 

0.064 

MAST lENDING 
OUT-OF-FLANE 

n 

0.048 

MAST lENO OUT-OF-PLANE 

y 

0.C74 

MAST IN-PLANE KNOING 
a PLANE TORSION 

□ 

0.076 

OUT-OF-PLANE TORSION 


RESPONSE 

CNAUaERlSTICS 


I NO, 


* 

1 

2 

3 
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Figure 5-7. Array Module (Baseline) Dynamic Analysis 


OSE 1 





Tr >VCC (g) 


0. 

0.001 

0 

0.037 

0.00003 

0.169 

0.049 


22.76 

0.064 

0. 

O.OOt 

0.074 


0.24 


0.0039 

23.17 


CASE 2 



MAST ROOT M 



(N-«) 

0. 

0.001 

0 

0.048 

0.0028 

27.0 

• 0.074 

0.00001 

0.07 

0.076 

0.00006 

0.88 

0.347 

0.00036 

9.36 


0.0042 

36.7 
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Support Cable Tecalon Requlreoenta 

The primary structural system Is coi^>osed of the housing, mast, end cap, 

and Che tensioning cables carrying the concentrators. This closed force 

system must be s'^le to carry the additional loads associated with atatlon- 

n3) 

keeping. Table 5-7 sunnarlzes the results of MASTRAN modeling of a single 
module supported by slnglc-laced masts. The desl^r cable tension of 20 N Is 
well below the buckling llodt. 


Table 5-7. General .iodule Stability 


Load Condition 

Eigen Value 

Tension per Cable 

(Load Level Factor) 

18 N 

7.7 

30 N 

4. A 1 

1 

135 N 

Buckling of closed 
force system 


Load Capability of Housing nd End-Cap Members 

Structural strength In the direction normal to the mast axes Is provided 
by the Interconnected container housings (at the canister end) and by inter- 
connected end caps to which the extending ends of the mast are attached. 

Early designs used shear panels of solid aluminum sheet for both housing and 
end caps. However,, ndnimun gauge requlremerits Imposed by reasonable-cost 
manufactur^g procedures resulted In high weights for these coq>ooent». 
CcQsiderably lighter structures were achieved by the use of diagonally braced 
trusses . 

Sliipllfled load distribution models were used to deteivlne stresses In 
each structural element of housing and end cap due to launch on staclonkeeplng 
accelerations. Figures 5-8 and 5-9 Hat the structural capability and the 
ultimate applied loads for each member. The ultimate load assumes a 1.5 
factor of safety. 
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5.2.3 Structural Perforaanct of the Dcslgi 
Modal Analysis 

In order to provide the liser spacecraft minimal controls design Interaction 
with the appendage, the array structure must maintain at least an order of 
magnitude frequency separation from possible excitation frequencies, and sustain 
dynamic loads Induced by spacecraft maneuvers. A NASTRAN mathematical mod-'U. 

%ras de'wlop^d to evaluate the module characteristics and the parameters that 
would Indicate coupling with the user spacecraft. The model was utilized to 
determine the overall fmdamental frequency for both single and dual modules. 

The first mode of a single module Is 0.027 Hz which Is 71 times the LEO gravity 
gradient dlsturbaice frequency (Figure 5-10). The first mode frequency of a 
dual module Is 0.01 Hz which Is 26 times the LEO o.'^vlty gradient disturbance 
frequency (Figure 5-11). 

Module Deflections 

Solar heating of the sm-faclng side of masts, housing and aid-caps ran 
result in thermal distortion of the module when concentrators are extended. 
Absorption of solar energy by the top surfaces and shadowing of the lower ones 
results in a thermal gradient estimated to be 25*C. The resulting differential 
expansion produces bending of the structure and a corresponding rotation of 
the concentrator optical axes. However, as shown in Table 5-8 the pointing 
errors Introduced by this effect are not large and will not result In serious 
thermal distortions. Thermal distortion of the masts is negligible. 

Atmospheric dreg will produce 0.01 degree pointing errors, also negligible. 

The most critical deflections are created by station keeping maneuvers. 

The range used for prellmina.*y desi^ calculations, 0.01 to 0.001 g has been 
used to estimate deflections. Deflections in mast, housing and cables are all 
small at the lower limit, but 0.01 g stationkeeping acceleration and other 
sources of deflection produce transients exceeding 3 degrees (see Table 5-8). 

Thermal Stresses In Reflector Panels 

The thermal gradients generated during the eclipse cycle, as discussed 
in Section 5.3.3, produce stresses in the Kapton reflector film due to the 
differential expunsicn of film ..nd frame. A NASTRAN model was used to compute 
tlie biaxial stresses produced In such film-frame structures. Figure 5-12 
sbowi: stress levels parametrlr'lly and for the desi^ values of frame cross- 
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MODAL FREQ. 
(Hz) 


0.027 


0.031 

0.036 


NOTL CABLES NOT 
SHOWN. 


FIRST MODE FREQUENCY SEPARATION OF 71 TIMES LEO 
GRAVITY GRADIENT DISTURBANCE FREQUENCY 


Figure 5-10. Modal Analysis - Single Module 



MODAL FREQ 
(Hz) 


UNDEFO^’MED 


NOTE: TABIES NOT 
SHOWN 


1ST MODE: CONTAINER/HOUSING (TORSIONAU 
2ND MODE: CONTAINER/HOUSING (BENDING) 
3RD MODE: MAST BENDING (OUT-OF-PlANE) 


0.01 


0.02 

0.02 


FIRST MODE FREQUENCY SEPARATION OF 26 TIMES LEO 
GRAVITY GRADIENT DISTURBANCE FREQUENCY 


Figure 5-11. Modal Analysis - Dual Module 
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Xabl£ 5-8. Dimensional Stability and Deflections (Single Module) 


STRUCTURAL ELEMENT 

NORMAL 

OPERATIONS 

lOUT-OF-PLANE 

CURVATURE) 

(DEGRE) 

.Olg STATIONKEEPING 
MANUEVER 
(OUT-OF-PLANE 
TRANSLATION) 
(m) 

MAST 

0.001 (THERMAL) 

3.0 

CONTAINER/ HOUSING 

0.57 (THERMAU 

0.3 

CONTAINER/ END-CAP 

0.57 (THERMAL) 

NEGLIGIBLE 

CONCENTRATOR SUPPORT CABLE 

0.01 (ATM. DRAG) 

0.7 

SUB TOTAL 

0.81 

- 

MANUFACTURING TOLERANCES 

±0.25 

- 

ARRAY POINTIi^ 

±0.5 

- 

TOTAL SUN P0!^’TING iRROR 

1.4 


REMARKS 

1 

3.0 DEGRES USED IN 
PERFORMANCE ESTIMATES 

STATIONKEEPING 
TRANSLATIONS 
(DISPUCEMENTS) ARE 
STRUCTURALLY ACCEPTABE 



Figure 5-12. Thermal Stresses in Film-Frame Reflector Panels 
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sec^'lon and film thickness. Maximum stresses fall a factor of five below 
the yield stress for Kapton at 200 *C. Since these maximum stress a develop at 
much lower temperatures, plastic failure seems very unlikely. 

5.2.4 Dynamic Analysis 

Container /Housing Latching Mechanism 

Active latching Is required at deployment hinge joints to ensure longeron 
stiffness and continuity of tensile strength. During orbit make-up maneuvers, 
the maximum longeron bending moments are produced at the user spacecraft 
Interface. The mast critical litch load Is the first joint closest to the 
user spacecraft (excluding the user attach point). Applying a 0.01 g orbit 
make-up to a dual module array creates a 16,000 Mm (Figure 5-13) bending 
moment at the first deployment joint. Two active latches attached to the 
conualner longerons opposite the joint hinges and capable of 16,000 N plus 
30J N (4,400 lb.) preload, will ensure longeron structural integrity aid 
acceptable stiffness. 



Figure 5-13. Latching Mechanism Loads 
5-18 


SSD83-0075-1 


thutU# Initgratton « 
Syalami Divialon 


Rockwell 

International 


Deployment Actuators 

The deploying array will be maneuvered at mid-span, allowing translation 
and rotations in both directions so as to minimize inertial loads being 
transferred to the RMS (Figure 5-14). The deployment actuators were sized 
based on Schaeffer Magnetics specifications for a Type 2 actuator which 

2 

produces 7.0 Nm output torque and when activated x^ll create 0.0009 rad/sec 
radial acceleration of the two container sections in opposite directions. 

Full rotation (180*) of the actuator (Type 2) at a 7.0 Nm ccnstoit torque 
requires approximately 29 minutes (Figure 5-14). Installing a Type 3 
actuator which produces 45 Nm torqis will rotate through 180* in approximately 
5 minutes. 

Concentrator Support Cables and Tensioners 

The individual concentrator elements, each approximately 0.70 kg are 
supported on cables suspended between the end-caps and the negator mechanisms 
located in the container /housing. A second tensioning mechanism is applied to 
the concentrator elements themselves to prevent troislatlons during an in- 
phase stationkeeping maneuver. The concentrator tensioners will also ensure 
reflector hinge flatness. The present design value of 20 N tension per cable 
plus 7 N per concentrator row is more than sufficient to maintain planar 
Integrity during normal operation. During a stationkeeping maneuver, however, 
there is a translation and rotation of the concentrator elements. 

The concentrator oscillations initiated by the maneuver will "settle" as 
a function of cable tension (frequency) and system damping. Figure 5-15 
represents the settling time and approximate power output as a function of 
cable tension. The 1.5Z danping value utilized in this analysis is based on 
vibrational tests conducted by Astro Research. Multi -Join ted structures 
similar in ; ature to a continuous lon^^ron mast has danping values ranging from 
1.1 to 2. OX. This value does not include energy loss due to the concentrators 
on the cables and ' .a ref ore is conservative. 
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SINGl£ MODULI 


• SCHAEFFER MAGNETICS ACUTATOR 

• TYPE 2. 1 kg PER ACTUATOR 

•OUTPUT TORQUE - 7 N-m 
•180 deg ROTATION -29 min 

• TYPE 3. L 5 kg PER ACTUATOR 

•OUTPUT TORQUE - 45 N-m 
•180 deg ROTATION- 5m in 


MODULE DEPLOYIVtNT RESPONSE 



DEPLOYMENT DYNAMICS 
(TYPE 2 ACTUATOR) 

DOES NOT DRIVE PRIMARY 
STRUCTURE SIZING 


Figure 5^14. Module Deployment 


• .008g STATIONKEEPING ACatERATION (HY«ID MAST) 


• 1.5% DAMPING 



Figure 5-15. Power Output as a Function of Cable Tension 
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5.3 THERMAL ANALYSIS 


Thermal analysis of the array as a whole and of Its con^onents supports 
the design process In several ways. Component temperature predictions are 
needed throughout In order to guide the selection of appropriate materials 
and surface treatments. Temperature distributions and temperature transients 
are required to assess thermal stress .levels and thermal distortion effects. 
Finally, the electrical output of the solar panel is strongly tenperature- 
dependoit. Early In the program simplified thermal analyses were carried out 
in siq>port of the design effort. These studies served to establish temperature 
distributions and to evaluate thermal stresses and thermal distortion effects 
as well as to optimize radiator size snd thickness. In general the results did 
not uncover any serious design problems. 

More accurate evaluation of concentrator tenperatures has now been 
coo|)Ieted. It takes Into accomt the coupled thermal and electrical behavior 
of the solar cell panel. This Includes the (non-uniform) absorption of solar 
energy, heat loss by radiation and conduction and the conversion of light to 
electrical power. This was accoiq>llshed by the simultaneous solution of 
thermal and electrical networks using a Roclwell-developed thermal analyzer 
code. The thermal behavior of the concentrator was solved by the built-in 
logic of the analyzer code while the electrical behavior of the solar cell 
network was solved by a special Newton-Raphson procedure . 


The thermal analyzer code accounts for thermal radiation exchange between 
nodes by assl^lng "script FA" values \dilch depend on Intemode configuration 
factors (functions of geometry only) and the surface emlttances of the nodes. 
Script fa’s were evaluated for both Inner and outer surfaces of the concentra- 
tor nodes from the local Irradlance and radlo^lty by solving radlosity 
networks defined by 


\ ^ij ®J 


(5-1) 




* (1 - 


(5-2) 


Surface emlttances were assumed to be Independent of tes|>erature and 
equations 5-1 and 5-2 were solved for the hypothetical temperature distribution 
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1 ; 



0. Uader thtae circuna taacea 



(5-3) 


Three separate networks are Involved. Node surfaces on the bottom of the 
substrate-radiator "see" only the environment aid thus are simply evaluated 

" Cj Aj). The network within the concentrator can be represented by a 
llnltsd number of reflector zones exchanging radiation amongst themselves and 
with individual solar cells. The grldwork of perpendicular V-shaped channels 
formed by the top surfaces of the radiators and the under surfaces of the 
reflectors presents a more difficult problem. In principle each node in this 
third network exchanges radiation directly, or by multiple reflections, with 
every other inner node throughout the entire array. However, by treating all 
concentrators as identical elements in an infinite array, the network can be 
represented adequately by six distinct radiator nodes, three reflector nodes, 
and one each for the inter-element electrical harness and the gap between 
radiators . 

Separate mathematicr.1 models were generated for the gallium and silicon 
baseline concentrators, fach incorporated individual models of cell 
electrical performance , the distribution of direct aid reflected smlight, 
heat conduction through the substlrate -radiator and a thermal radiation model 
which considered the hindered view from reflectors and radiator due to the 
presence of adjacent concentrators. 

5.3.1 Reflector Panel Temperatures 

The temperature distribution over the reflector panels is determined by 
the distribution of incident and reflected sunlight (evaluated by the ray- 
tracing methods described In Section 5.4) and by the presence of adjacent 
concentrators which hinder reradiation. 

Typical concentrator temperature distributions are illustrated in 
Figures 5-16 and 5-17 which show the effects of fully reflecting comers aid 
low (0.15) rear-surface emissivity on reflector panel temperature distribu- 
tion. Multiple reflections from rays originating in the comers tends to 
heat the lower portion of the reflector panels. Low emissivity on both front 
(‘V 0.05) and back surfaces of the panels results in fairly high temperatures. 
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Figure 5-16. Coi^led Tbermal-Electrlc Model Results 
(Updated Silicon Baseline) 



i 

i 


Figure 5-17. Coupled Thermal-Electrical Model Results 
(Updated GaAs Baseline) 
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Although these temperatures are not expected to be design llsiltlng, they can be 
reduced by one of several methods. The outer (non-reflecting) surfac^^s of 
the reflector panels can be coated with hlgh-emlsslvlty material to Improve 
heat rejection. Hwever, a portion of that rejected heat must go to the 
radiators, thus Impairing their performance In keeping the solar cells cool. 
Another approach Is to make tlie reflector comers nan-specular (diffuse), thus 
reducing the amomt of multiple reflection which contributes to the over- 
heating. This method, however, results In large overall light losses with 
consequent reduction in electrical output. A third alternative is to make 
only the upper comers of the reflectors diffuse. That region contributes 
most to the heating and very little to the Illumination of the cells. 

5.3.2 Radiator/Substrate Mass Optimization 

Heat Is carried 'away from the solar cells by conduction In an aluminum 
sheet which serves as both substrate and radiator. Its effectiveness In 
distributing heat depends on Its size and thickness. These factors, in turn, 
determine th*» mass of the sheet per laiit of aperture^^ area. For a particular 
aperture size and relative radiator area, sheet mass can be reduced by 
decreasing Its chlc]mes>«. However, this results In an Increase In cell 
temperature with consequent loss In electrical conversion efficiency. By 
reducing the scale of the concentrator, on the other hand, the same perform- 
ance can be achieved with a thinner sheet, reducing the mass per inlt aperture 
by almost 50Z. Figure 5-18 Illustrates this point. This scale effect on 
radiator performance is one of the reasons for choosing the N ■ 6 baseline 
configuration instead of the N 4 configuration. 

Pyrolltlc graphite has lower density, higher thermal conductivity and 
lower thermal expansion than aluminum. These properties would confer weight 
and performance advan tagits . However, uncertainties about cost of fabrication 
in very thin sections and vibration sensltl^’lty make It a high-risk choice for 
the near term. 
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Figure 5-18. Scale Effect on Radiator /Substrate 


5.3.3 Tbenaal Cycling of Filn Reflectors 

Two options were considered for reflector psnel design, namely rigid 
and stretched film. In the stretched film option which has been chosen for 
the final design, aluminized Kapton is bonded to a rigid frame made of molded 
chopped fiber. In operation the reflector film must be under moderate 
tension in order to maintain & flat, wrinkle-free mirror surface. 

During the orbital eyrie, the reflector panels will alternately heat up 
and cool down. However, due to the substantial differences between rhe 
thermal capacities of the two; frame tenperature will lag film temperature. 

This will resc.'.t in reduced stress at the beginning of the smllt period and 
Increased etre-tu at the beginning of eclipse. Figure 5-19 illustrates this 
transient behavior. It is clear however that the tenperature gradients between 
film and frame are much less than the steady-stace temperature difference 
assumed ip early structural analysis. 


5-25 


SSD83-0075-1 



ORIGINAL PAQ5 i: 
OF POOR QUALrr;’ 


(nttgraHon • 


^1^ Rockwell 
WJ^ International 



TYPICAL ORSIT TIME (MINUTES) 

Figure 5-19. Transieiic Temperatures for Frame-Film Reflectors 


5.3.4 Module Thermal Distortion 

Solar heating of the sun-facing side of caps end containers can result 
In thermal distortion of the module \dien concentrators are extended. Absorp- 
tion of solar energy by the top surfaces and shadowing of Che lower ones 
results in a thermal gradient estimated to be ?.5*C. The resulting differentia] 
expansion produces bending of the structure and a corresponding rotation of 
the concentrator optical axis (Figure 5-20). Hw»ever, as shown in Table 5-9 
the pointing errors Introduced by this effect are not large and will not 
result in significant light loss. 
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SOLAR DIRECTION 



Figure 5-20. Dlfferentlel Expansion Results 


Table 5-9. Contain.«r Thermal Distortion 



Container 

Module 

Pointing 


Depth, H 

Width, W 

Error, 

Configuration 

(m) 

(m) 

(deg) 

N - A 

0.31 

13.0 

0.25 

N - 6 

0.54 

19.5 

0.57 
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5.4 OPTICAL PERFORMANCE 

The distribution of lllusilnatlon produced by the reflecting panels of 
the concentrator is Important for two reasons: first, differential Illumina- 

tion of the solar cells may have an adverse effect on output; second, the 
ncn-unlform illumination can result In large tamperature gradients. These 
effects have been Investigated by means of a Rockwell-developed ray-tracing 
program RAYPYR. Incoming light Is represented by a large number of equally 
spaced, parallel rays emanating from the solar direction. Off-axis pointing 
is characterized by the direction angles with respect to the coordinate axes. 
The program follows each ray Individually, through multiple reflections If 
necessary, until It either reacht. the truncated bottom (representing the 
solar panel) or is reflected back out the entrance aperture. 

5.4.1 Geometry of the Optical System 

The concentrators treated by RAYPYR have the shape of a right, four- 
sided pyramid, truncated to form a base which corresponds to the solar cell 
panel (see Figure 5-21). The larger, upper square is the aperture, the 
smallei bottom square Is the base and the trapezoidal sides are the 
reflectors. 

The coordinate system Is a right-hand cartes-^ an one, with the Z-axls 
parallel to the optical axis and the X- and Y-axes aligned with the sides of 
the base. Ray directions are characterized by direction angles with respect 
to the three coordinate directions . 

The shape of the coacentrator is determined by three paranKsters : base 
width (W); concentrator hei^t (H); and reflector slant angle (9). In a 
conventionally designed concentrator, these parameters are chosen so that an 
incoming ray parallel to the optical axle, which strikes an edge of the 
aperture, produces a reflected ray which strikes the opposite edge of the 
base. This condition is satisfied (see Figure 5-22) when 

• -(tan 20 + cot 9) (5-4) 

Each reflector Is divided into sections aid the amount of energy absorbed in 
each is calculated. 'The truncated bottom surface is divided into a square 


(f - 


2 - 
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Figure 5-22. Geonetrv of limiting Ray (Conventional Deal 91 ) 

5-29 


SSD83-0075-1 


iraimA 

OtvMofl 


R0Ci(W«il 

Intometlonal 


grid representing the cells making up the solar panel. The energy reaching 
each cell Is calculated by summing the cont'^ibutlon of all rays which reach 
It. Even though a large number of Incoming rays are used (typically 90,000), 
uneven distributions can result due to the fortuitous plleup of equally 
spaced Incident rays in certain grid squares. This problem Is alleviated by 
Introducing random spacing for the Incident rays. 

5.4.2 Ray Reflection 

The basic relationship governing specular reflection Is Snell's law: 

(16) 

The angle of incidence equals the angle of reflection. In vector form 

R - I - 2 (N • I) N (5-5) 

The Incident ray Is expressed in terms of Its direction cosines. 

I « cos X + coa 8 Y + cos Z (5-6) 

The normal to the reflector Is given In general terms as 

if - -sin 0 (P X + P, Y) + Z cos 9 (5-7) 

*^1 *^2 

The coefficients P^^ take on the values -1, 0, +1 depending on %rhlch of the 
four reflectors Is Involved. 

The dot product In Equation 5-5 becomes 

N • I ■ -sin 0 (P^ cos + Pj^ cos 8 j^) + cos 9 cos (5-8) 

The coi^ponents of the reflected ray (the direction cosines) are obtained 
by substituting Equations 5-6, 5-7 and 5-8 into Equation 5-5: 

cos 02 ■ cos Oj^ + 2 (N • I) Pj^ sin 9 

cos 82 ■ cos 8 j^ + 2 (N • I) P^ sin 9 

cos Y£ “ cos - 2 (N • I) cos 9 

The ray tracing process follows Individual rays from their initial 
positions In the aperture plane through one or more Intersections with 
reflector, base or aperture planes. In general, a given ray may Intersect 
more than one reflector plane. The intersection of interest is the one having 
the smallest Z change, after eliminating backward Intersections and the trivial 
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case of Intarsectlon with the plane containing the initial point. If there 
are no reflector intersections between the aperture and the base, the ray 
is temlnated and its contribution is added to the base (if downward 
directed) or considered lost through the aperture. 

5.4.3 Verification of Ray Trace Analysis 

The analysis described above predicts illumination distributions %d-th 
good accuracy and resolution, as determined by coiqiaratlve results for 
cases where accurate analytical results are possible. Figure 5-23 shows the 
distribution in illumination over one quadrant of a solar panel for ai 
ideal pyramidal concentrator with a GCR of six and a specular reflectaice 
of 0.9, aligned directly toward a point sun. For this case, the boundaries 
between dl'^ferently illuminated regions (the diagonal lines in Figure 5-23) 
and the local CR values can be accurately calculated and are indicated by 
underlined numbers. The circled numbers are the average CR's for each 
square cell, as calculated by ray-tracing, using a sample of 90,000 rays 
equally distributed at the aperture. The differences in local CR values are 
within a few tenths of a sixi and the overall energy balance is within a few 
tenths of a percent. 



Figure 5-23. Coiiq)arlsan of CR Distributions Obtained Analytically with RAYPYR 
Results (Pg ■ 0.9, GCR ■ 6, Zero .Pointing Angle) 
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Cer'.aln cases Involving diffuse radiation can be solved oialytlcally , 
using the radloslty network approach described In Section 5.3. Three such 
cases have been chosen to cnnpare with the results of the RATPYR Monte Carlo 
methods: 

Case 1 . Radiation entering the aperture Is isotropic. The reflector 
panels are perfectly diffuse with a reflectance > 0.9. 

Case 2 . The entering radiation Is Isotropic and the reflectors are 
Ideally specular (p^ - 1.0). 

Case 3. The entering radiation Is collimated and the reflectors are 
perfectly diffuse as In Case 1. 

The average Irradiation of the base plane, as calculated by both 
methods, Is compared in Table 5-10. The agreemmt Is satisfactory aid confirms 
the validity of diffuse radiation calculation by RAYPYR. Table 5-10 also 
Illustrates the Ineffectiveness of Isotropic diffuse reflectance as far as 
base plane (solar panel) Illumination Is concerned. 


Table 5-10. Comparison of Concentrator Base Irradiation Calculations 


1 

I Case 

! No. 

1 

Incident 

Radiation 

Panel 

i 

Reflectance 

Base Irradiation (suns) 

<^D 

! 

RAYPYR 

Radloslty Analysis 

'■ 

1 1 

Diffuse 

0.9 

1 0.0 

•).74 

0.76 

2 

Diffuse 

0.0 

j 1.0 

1.00 

1.00 

3 

Collimated 

0.9 

! 0.0 

1.45 

1.45 


5.4.4 Ray Trace Results for the Pyramidal Concentrator 

Figure 5-24 illustrates typical ray trace histories. Shown In projection 
are the paths of rays which strike different regions of the concoitrator . 

Those striking the base (region 1) directly undergo no reflections. Those 
striking the sides (region 2) l»ave only cne reflection, provided Equation 5-1 
applies, as It does In tl« baseline concentrator design. Rays striking 
region 3 in the comer experience two reflections before reaching the base 

and rays striking region 4 undergo a several reflections before being reflected 
out the aperture without lltuiilnatlng the base. 
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Ray trace analysis of the GCR - 6 pyramidal concentrator gave optical 
efficiencies and detailed distributions of Illumination fcr three reflector 
configurations for moderate pointing errors (0 to 5 degrees). The configur- 
ations include reflector designs with fully reflecting, non -re fleeting and 
partially reflecting comers. Table 5-11 summarizes the results. They shew 
that: 

1. Penalties for off-axis pointing are rather small (3-AZ) for angles 
up to 3 degeees. 

2. Tilt orientation has only a sUgbt effect on optical efficiency 
(fee Figure 5-25). 

3. Making the comer "gaps" transp . at (that Is, nen -re fleeting) 
reduces heat load on the reflector panels by a factor of three 
and makes panel Illumination uniform (Figure 5-26), but at the 
cost of over 202 loss in optical efficiency. 

4. Making the tips of the comers non -re flee ting (Figure 5-27) 
substantially decreases reflector heat loads and Increases the 
uniformity of Illumination at 'only a modest cost (42) In optical 
efficiency. 
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Tftbl* 5-11. Optical ?arfonnaaca of CR ■ 6 Concontrator<* 


.Configuration 

Pointing 
Error (*) 

QH 

Energy Distribution (percent) 

Base 

Reflectors 

Gaps 

1 

Reflected out 

Fully reflective 

0 

4.64 

77.3 

14.5 


8.2 









1 


BQ 

14.6 


8.3 



WM 

m 

• 14.6 

IS 

8.2 


3 

MBM 

75.0 

mrgm 


9.9 



Ha 

74.6 



10.2 


5 

MBM 




11.7 



wM 

m 

WBm 


12.6 

Non reflective 

0 

3.61 

60.2 

4.8 


0.0 

comers 

1 

3.59 

59.9 

5.0 

35.0 

0.1 


3 

3.47 

57.9 

5.5 

.15.0 

1.6 


5 

3.36 

56.2 

5.8 

15.0 

2.9 

Corner tips 

0 

■W 

74.3 

f 

16.7 

0.0 

nonreflec.lve 

1 


74.0 

KiH 

16.7 

0.2 


3 


71.4 


16.8 

2.1 


5 

WBm 

68.8 


14.8 

4.4 


Note: ^Values vlth asterisk, represeat tilt along dlagoaal. Others are 

for tilt parallel to sides. 





Figure 5—25. Optical Perfornance — Fully Ref ’acting Comers 
(Geometric CR - 6.0; Reflectivity 90Z) 
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It is IntsrsQtlng to nots that optical perfornanca of pyramidal concan- 
trators falls slowly with pointing arror, avan up to 15 dagreas (saa 
Figura 5-28). Thus thaie is no catastrophic loss of powar, avan for larga 
concentrator rotations. 


5.5 ELECTRICAL ANALYSIS 

Ths electrical desl^ of the array requires consideration of the output 
characteristics of individual solar calls, their behavior in groups when 
interconnected into panels and electrical strings of panels, aid the large- 
scale collection and distribution of power at the luodule and array level. 

Since compaclbility with both silicon and gallium arsenide is a requirement, 
the final design embodies compromises brought about by the differing cell 
sizes and output characteristics of the two types. 

5.5.1 Solar Cell Hodels 

Analytical estimates of solar panel performance were needed well before 
final experimental data became available from the demonstration panels 
delivered by the subcontractors CASEC and Spectrolab). Therefore mathematical 
models of silicon and GaAs cell characteristics were developed, based upon 
preliminary data from the subcontractors and the extensive JFL data on silicon 
cells given in Reference 17. In a later section, these cell models are 
con^ared with experimental data. 

The models assume that over the range of Interest the current-voltage 
characteristic of a cell is Invariant with temperature and illumination when 
non dimension all zed with respect to short-circuit current «nd open-circuit 
voltage. 

l/I - fCv/V) (5-9) 

The short-circuit current and open -circuit voltage are assumed to depend on 
ten^erature. and illumination (over the range of conditions of interest) 
according to 

I - [I^ + a(T - T^)] • (L/L^) 

V - - B (T - T^) + Y log^ iUL) 

0 o e 0 

Figure 5-29 summarizes the cell characteristics which have been used for 
detailed thermal electrical analysis of solar paiel performance. The values 
have been updated from chose used in Che mid-cerm reporc based 
upon Che experlmencal resulcs obcained in ChiJ program. 


(5-10) 

(5-11) 
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5.5.2 Eltctrlcal N<twork Modal 

The cell perfomence equetlons apply to each cell In the panel but 
individual cell outputa anl the output of the panel as a whole must confom 
to the constraints of the electrical network. 

The Individual solar cells in a panel are arranged in electrical config- 
uraffons having m groups of n parallel cells connected in series. Typically, 
for a 10-cell by 10-cell panel, this ml^t Involve 20 groups of 5 parallel 
cells. Solar cell output current is a fmction of tenperature , illumination 
and applied load. For the present work relatively single analytical expres- 
sions have been selected but the approach is not depmdent cu a particular 
analytical approximation. 

In the steady state the total current through each groig> of n parallel 
cells is the same and equal to the poiel current, 1^. We define the fmction 

n 

F - E 1 - 1 (5-12) 

P 

which cm be brought closer and cloaer to zero by successive applications 
of the Newton-R^hson process: 

Vj - v^ - F(vj^)/F'(v^) (5-13) 

The function F and its derivative F' are evaluated from the local cell 
conditions by substitution from the performmce equations above. 

n 

F(v) - Z I f(v/V) - i (5-14) 

P 

n 

F'(v) - Z (I/V) f'(v/V) (5-15) 

Panel voltage is obtained by summing the voltages across all groups of 
parallel cells. 

5.5.3 Coupled Thermax -Electrical Analysis 

Nan-uniform illumination of the solar cell panel produces non-mifonmity 
in thi individual cell temperatures and in their electrical characteristics. 
Since the cells in a panel are interconnected electrically, it is not possible 
to operate each cell at its maximum power point and there Is a consequent 
loss in output. This power loss is analogous to the "mismatch loss" found 
in a planar solar array made up of dissimilar cells. 
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The cner^ converted to electricity by the eolar celle leavee the eye tea 
in a fom not considered by the themal analyser equations. In effect each 
cell has a heat eink equal to its power output. This output varies front 
cell to cell and depends upon the electrical load inpoeed on the pnel as a 
whol?, the panel electrical network, local illumination intensity and cell 
temperature. Thus thermal behavior of the solar cell panel is coupled to 
electrical behavior (Figure 5-3t) and both must be evaluated eliaultaneously . 

This has been accomplished by means of logical Instructions written Into the 
variables block of the Rockwell thermal analyzer pror^ram. 

Mismatch effects due to non-uniform Illumination are very evident when 
all cells are connected in aeries. However, If groups of cells are connected 
in parallel across each half-panel, the losses are greatly reduced. 

Figure 5-31 Illustrates this effect. The three curves show the ideal power 
output (uniform temperature and illumination) and aciuaj. output calculated 
for Oro electrical conflgxuratlcas. When all 36 cells (for this example) are 
connected in series the output curve shows a power loss of over ten percent. 
However, when groups of three adjacent cells are connected in parallel, the 
Iocs is reduced to about one percent. 

Similar results h.tve been obtained for other pariel configurations con- 
sisting of 16 to 100 cells. In general, the use of parallel cell groups is 
quite effective in limiting performance losses due to non-uniform illumina- 
tion. Figure 5-32 presents the distribution of Illumination, cell tenperature 
and cell power output for the 16-cell baseline silicon panel design at the peak- 
power operating point. Pairs of cells on each side of the hinge line are in 
parallel. The smoothing effect on cell output Is evident. 
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Figure 5-30. 


Ccuple^l Thermal-Electric Hath Hudel 



Figure 5-31. Effect of Panel Electrical Network on Output 
(36 Silicon Celia per Panel) 
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Figure 5-32. Cell Characteristics at Maximum Power 
(B^ ^'*lne Silicon Solar Panel) 
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5.5.4 Harness Optimization 

A flat flexible cable was selected to Interconnect individual concen- 
trator elements within sn electrical string. This type of cable also 
collects electrical power from all the strings and distributes It to the 
user attach fitting. The selection was based upon the need for flexibility 
«nd high packing density as well as “he usual space deslgp requirements such 
as low outgasslng and environmental resistance. The variables which are 
important to the design of the cables are: physical configuration of the 

solar array, solar array system electrical characteristics, physical proper- 
ties of the cable materials, and the cost estimating relationships (mlt 
costs) of both the solar array and the harness. The contractual requirement 
which governs the design Is to minimize the system recurring cost of power. 


An optimum current density (J ) lu the electrical distribution system 

tl 

can be determined as a tradeoff of harness cost and the cost of added 

concentrator capafblUty (C^) to compensate for harness losses while delivering 
constant power to a xoad. This statement embodies the cost optimization 
con»pt expressed in Equation 5-17, where is total system cost, and is 
the harness cross-sectional area: 




(5-17) 


Two assunptions are made in deriving the expression in Equation 5-18, 
below. The first 1s that the harness material is available on a cost per 
square meter of surface area basis (not cross-sectional area) when purchased 
in the large quantities which would be needed to support this program. Not 
independent of this is the second assumption that the thickness of the metal 
laminate layer does not significantly affect the cost per square meter of 
harness surface area. This cost Is assumed to be driven by the number of 
parts to be processed and tlie number of process steps per part and not the 
variation In time It takes to complete one of several steps involved (i.e., 
the etching of the metal circuitry). Hence, the cost optimized currait 
density is given by: 



(5-18) 
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where p is the bulk resistivity of the conductor, t is the selected thickness 

of the laetal laminate layer, In cost per square meter of harness surface 

n 

area, and C^' Is the cost per watt of electrical power. 

Once a conductor current density is determined all other relevant 

harness characteristics are fixed* The previously mentioned variables such 

as configuration and electrical properties are known for the prelimLnary 

design. The parametric cost optimized characteristics are given below in 

Table 5-12. I- is the total current to the load. V is the source output 
T c 

voltage before harness losses are incurred aid m is the mass density of the 
conductors. The cost estimating relationships are discussed in Section 6. 

The preceding optimization would differ if the system were to be 
optimized for minimum mass. The current density would then be given by: 


H 


m I 
- P ' 
P c 


where is the specific power (watts/kg) of the array, 
harness characteristics would follow. 


(5-19) 

All the other 


The term £ in the preceding esqpresslons refers to the average length of 
harness over which power must be transmitted to reach the user attach fitting. 
For the Si design configuration shown in Figure 3-16 (Section 3.6), this is 
given by: 

T - 2.8(n-l).(l * . 6.48 (4 - | ^ ) (l ^ l) (5-20) 

where X is the deployed length, Y is the extended length, n is the number of 
concentrators per string and p is the number of strings per array. For the Si 
harness layout chosen, i, tends toward a value of approximate^' two times the 
minimum distance between the user attach fitting and the tip oi the medlm 
concentrator element assembly. 


The GaAs harness is slightly different due to the 
per row of deployed concentrator elements and is given 


four electrical strings 
by; 


I 


2.8(h-l) 



IL 

4 


> 


where h is the number of concentrators per string. 
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6.0 roST PROJECTIONS AND ARRAY PERFORMANCZ 

The design described In the preceding sections may be compared with other 
arrays on the basis of various figures of merit such as watts per square meter, 
watts per Idlogran and dollars per watt. Evaluation of such parameters requires 
the estimation of size, weight, cost and net electrical output for a yet-to-be- 
bullt device. However, the present design has been developed In sufficient 
detail that good estimates of area (total and useful aperture) and mass are 
possible. The performance analysis nethods developed have been shown to be 
capable of close estimates of electrical output. The greatest uncertainty lies 
In the prediction of cost. 

Three kinds of costs are of Interest: development costs; recurring costs; 

and life cycle costs. Because the present design Is constrained to the use of 
near-term (1984) tecbnology, the development costs are relatively low. Develop- 
ment costs and schedules are addressed In Section 8. Recurring costs and life 
cycle costs are treated In this section. 

6.1 APPROACH TO RECURRING COST ESTIMATES 

In a preceedlng study of low-cost concentrating solar array concepts 
Rockwell used a combination of two different approaches to aril\« at recurring 
cost estimates for a variety of configurations. This sane_ ^proach has been 
applied to the present deslga. For general structural conponents a mass 
algorithm was used to estimate cost from mass properties. For certain partlc * 
ular cooponents, however, costs were estimated from supplier projections based 
on specific production details. 

Parametric models based on mass have been applied to spacecraft as a 
whole. Old to major subsystems separately. Mmiy cost models in current lue 
predict recurring costs for spacecraft and some subsystems reasonably well. 

They Include cost factors usually neglected In conceptual studies md, 
therefore, reflect the "real world." In Reference 1, a mass algorithm was 
developed from a concensus of several such models. 

C - 1, 680,000^^^2.^ (6-1) 

Cost (C) Is In 1979 dollars; mass Is In kilograms. 
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Tht array also coDtalns major con^onenta for which better Independent cost 
estimates csn be made. The production costs for mast - canister assemblies are 
well-es^'>bllshed and subcontractor estimates have been used. The reflector 
panels are required In large numbers of Identical units, lending themselves 
to mass production. Thus reflector panel costs are based on large-volume 
production^ considering the mlt costs of material, molding process, and 
aluminization. Solar cell cost projections for both silicon and gallium 
arsenide are based upon projections made by the two solar cell subcontractors. 
Table 6-1 summarizes the projections for both types of solar panels. 

6.2 COMPONENT WEIGHTS AND COSTS 

The two approaches to recurring cost estlmatlaa have been combined to 
give an overall array module cost In the following way. Mass estimates are 
established for the varlotis consonants and subsystems maalng up the module. 

They are obtained from the mass property evaluation in Section 5.2 and listed 
in the first two coluons of Table 6-2. Cost estimates for canister-masts, 
reflector panels and solar panels (based on production methods and supplier 
projections) are entered in the cost coluons of Table 6-2. The masses asso- 
ciated with these components are subtracted from the total module mss, 
leaving a residual mass (1204 kg) allocated to the remaining cooponents not 
yet costed. 

The mass algorithm Is used to estimate costs for the remaining components. 
First, Equation 6-1 is applied to the residual mass to obtain a cost of 
$3,850,000 In 1979 dollars. An escalation factor of 2SZ is applied to arrive 
at a cost of $4,810,000 in 1982 dollars. Finally, the total cost is distri- 
buted among the individual conponents in Table 6-2 on a mass -proportional 
basis . 

6.3 LIFE CYCLE COSTS (LCC) 

Solar arrays are often compared on the basis of recurring cost of power, 
where the power is that at beginning of life (BOL) and the cost is simply the 
production cost of the array or module. In fact there are other factors, not 
related to hardware developmnt, which Influence the cost of power and the 
cost of energy over the lifetime of an array. These Include: cost of trans- 

portation to orbit; cost of propulsl<xi requl.red to overcome drag; cost of on- 
orblt maintenance, if any; and performance (power) degradation over the array 
lifetim. All of these costs are mission-dependent. 
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Table 6-1. Solar Panel Cost Estimation — 1982 Dollars » 1984 Technology 


COST ESTIMATING 

LOW C8 SOLAR CELLS RELATIONSHIP 

• SILICON 

• 50 mm BY 50 mm BY 0. 25 mm CELL 

0. 20 mm TEXTURED QUARTZ / DC93-500 
COVERING $66 EACH 


SOLAR PANEL 
COST BREAKDOWN ($) 


1056 


• GALLIUM-ARSENIDE 

• 20 mm BY 20 mm BY 0. 30 mm CELL 
0.20 mm TEXTURED QUARTZ /DC93-500 ^ 

COVERING lABEACH'^- 4800 


FABRICATION 

• ARRAY ASSEMBLY 
•RADIATOR 


$8000/ m^ 335 

$1000/ m^ 125 


SOLAR PANEL (TOTAL PER CONCENTRATOR ELEMENT) 

• SILICON 1 50 mm X 50 mm; 1056 

• GALLIUM-ARSENIDE (20 mm X 20 mm) 4800 


1. ASEC COST ESTIMATE FOR CELL & GLAZING PLUS OCLI COST ESTIMATE FOR COVER 

2. SPECTROLAB, INC. COST ESTIMATE FOR CELLS & GLAZING PLUS XLI COST ESTIMATE 
FOR COVER 


Table 6-2. Weight and Cost Estimates for SI and GaAs Modules 


Component or Subsystem 

Mass 

(hg) 

Cost (1982 $ 9) 

GsAs 

SI 

GaAs 

Si 

Cable extension mechanisms 

156 

0.62(a) 

Canisters and masts 

630 

1.15(b) 

Container end cap 

50 

0.20(a) 

Container housing and latches 

227 

0.91(a) 

Concentrator tensioners 

55 

0.22(a) 

Deployment actuators 


5 

0.02 (a) 

Stowage tripwire mechanism 

108 

0.43(a) 

Electrical harness and Insulation 

581 

603 

2.32(a)! 2.41(a) 

Reflector pnels (film-frame) 

1102 

0.31(c) 

Solar panels and radiators 

1328 

22.91(d) 

6.60(e) 

Totals 

4242 

4264 

29.09 

12.87 


Notes: (a) Based on mass algorithm; costs apportioned by mass. 

(b) Astro Research estimate. 

(c) Materials and semi -automated processing. 

(d) Spectrolab solar cell/gla:dng estimate. 

(e) ASEC solar cell/glaslng estimate. 


6-3 


SSD8 3-0075-1 




f 




WvWHW mWyrOTNNf # 

SaMW* tyMMiM OMtIon 


^1^ Rockwell 
Wl^ International 


6.3.1 Traaaportatior Costs 

Like the recurring cost, the cost of transporting an array Into orbit 
must be born each time a new isilt Is put Into serv^.ce. Whether or not the 
array Is the sole payload of a given fU^it, all or a portion of the flight 
costs are chargeable to the life cycle energy cost. Depending on the charac- 
teristics of the launch orbit, costs will be determined either by the stowed 
volume or stowed mass of the array. 

Figures 6-1 and 6-2 present the payload capability of the Shuttle Orblter 
as a function of orbital characteristics for both the Eastern and Western Test 
Ranges (ETR and WTR). The performance Is based on high performance main 
engines (SSNE's) and solid rockets (SRB's). St 9 erliq>osed Is the mass of four 
modules (17,000 kg), the maximum number which can be accommodated within the 
spatial limits of the payload bay. IVo launch modes are displayed: standard 

ascent,. In which orbital Insertion Is accomplished by the Orbital Maneuvering 
System (QMS) engines and direct Insertion, In which orbital circularization 
Is performed by the SSME's. 

For launches In the standard ascent mode only low orbital altitudes can 
be achieved (300 km at WTR and 400 km at ETR). However, when the direct 
Insertion mode Is used, altitudes above 500 km can be reached at low Inclina- 
tions. When orbital Inclination Is Increased, the payload capacity becomes 
mass-Umlted rather than volume -limited.. This Is particularly true for ETR 
laimches. 

Transportation costr have been established as $30M per laisch In 1982 

dollars. This represents an escalation to 1982 dollirs, based upon a 1975 

(18) 

dollar cost of $18,000, OCX) for Civil U.S. Government usage ^ \ Cost on a 

dollars/watt basis depends upon which, type of solar cell Is used and whether 
the mission orbit results in a volume- or mass-limited situation. 

6.3.2 Cost of Aerodynamic Drag Makeup 

Because of their large areas solar arrays contribute significantly to 
the drag of the spacecraft to which they are attached. At low altitudes this 
drag Is significant and would produce a rapid decay of the spacecraft orbit If 
not compensated for by make-up thxust. In a prior study of low-earth-orblt 
operations propellant requirements were calculated for 300 kW and 1000 kW 
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Figure 6-1. ETR Launch 



_l I I I 1 L 

200 300 400 500 600 700 
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Figure 6-2. WTR Launch 
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solar arrays. Thasa results have been scaled (drag proportional to area) for 
the present deslpi and presented In Figure 6-3. The curves are based on th-'^ 
assumprlons of nominal maximum solar activity (January 1990), constant solar 
pointing of Che array and typical storable bl -propellant specific Impulse. 

From Figure 6-3 It can be seen chat large amounts of propellant are 
required to maintain 300-Ion orbits (e.g., 10,000 kg per year). Thus, It 
appears best to operate such systems In LEO at auout 500 to 600 km altitudes. 

At these altitudes, reasonable quantities of propellant can maintain the 
array in orbit for ten years ot longer. 

6.3.3 Other Cost Factors 

In the previous contract It vas shown to be cost-ineffective to main- 
tain a low cost solar array by modular replacemsit; Chat is, to replace 
Individual modules when their output Is reduced due to environmental radiation 
or Che progressive failure of circuit conq>one:itik. It was found diat the cost 
of an over-designed array, sized to deliver the required power at end of life 
(EOL) was much less Chan the costs of delivering and maintaining a smeller 
array sited on the basis of beginning of life (BOL) performance. 

The present pyramidal concentrator array design has advantages o-\«r a 
planar SEP-type array In its resistance to output degradation due to radia- 
tion. Both Che radiator-substrate and the reflector panels provide substantial 
radiation shielding. Table 6-3 summarizes Che factors effecting radiation 
degradation for the two array types over a ten-year operating life. The SEP 
array has a thinner (0.15 ran versus 0.2 mm) coversUde and no reflector panels 
cn the front surface. The relative shielding on the rear surface is evm 
lighter due to the presence of a Kapten blanket rather Chan a 0.6 mm (Si) 
aluminum substrate. On the other hand the pyramidal array incurs a pointing 
error loss, which can occur throughout the array life, and a small reflector 
surface degradation which increases with time. 

Figure 6-4 illustrates the relative total energy produced by Che two 
array types when each is sized for the same BOL output. Over a ten year 
life, Che pyramidal array will yield 13t more energy. 
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Figure 6-3. Annual Pro‘,'>llant Requlreinent 

Table 6-3. Radiation Degradation Effects 
for Planar and Pyramidal Arrays (Silicon Deslpis) 



Planar Array 
(SEP Technology) 

Pyramidal Array 
(Baseline Design) 

Front Surface 



2 

Shielding mass (g/co ) 

0.039 
4.0 X 10 

0.160 ,, 
0.6 X 10-^^ 

10 year flucnce (e/cvr) 

Rear Surface 



2 

Shielding mass (g/cm ) 

0.021 

8.0 X 10-^^ 

0.203 ,, 

0.5 X 10“ 

10 year fluencc (e/cm^) 

Power Losses (7) 



Optical degradation 

— 

3.0 

Pointing error 

— 

5.0* 

Solar cell 

32.5 

13.0 

Total 

32.5 

21.0* 

^ * May occur throughout ai'ray life. 
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nKtAI lONAl LR , YIAKS 
(4.000 SUNLIGHT HOUtS KR YIM) 

Figure 6-4. Life Cycle Energy Cost Analysis 
(SI Solar Cells) 

6.3.4 LCC Coaparlsons 

Life cycle costs vlll vary with array size, orbital IncUnatlon and 
altitude and mission duration. In order to Illustrate the Interplay of the 
various costs, a comparison has been made among three arrays: the planar 

SEP; the silicon concentrator and the gallium arsenide concentrator. 

Ta51e 6-4 gives the appropriate characteristics of modules for all three. 

Life cycle costs have been calculated for each of the above, according 
to the following assumptions: 

1. Sufficient modules Included to yield EOL output of comparable 
value for SI configuration (GaAs •sodule provides 1.5 times SI 
modules) . 

2. 500 km circular orbit at 28.5* Inclination. 

3. 10 year (60,000 smllght hours) mission life. 

Table 6-5 sumkairlzes the results. Due primarily to lower recurring costs, 
but also to smaller degradation losses, both concentrator arrays have life 
cycle energy costs much lower than state-of-the-art planar arrays. 
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Tabic 6>4. Module Characteristics 



Planar 

(SEP) 

Pyraaldal Cancantratora 

SI 

GfJia 

BOL Pover (leU) 

13 

113 

175 

Mesa (kg) 

2 1C 

4264 

4242 

Stovad length (n) 

1 

3.24 

3.24 

2 

Deployed areas (n ) 

135 

1320 

1320 

Recurring coat ($M) 

5.2 

U.9 

29.1 


Table 6-5. Life Cycle Energy Cost Conparlson 


Plan.Hr (SEP) 
Silicon 
(10 modules) 

Pyramidal (Baseline) , 

Slllccn (1 module) 

GaAs (1 module) | 

130 

113 

175 

88 

90 

139 

5.6x10^ 

5.74x1.0^ 

8.89x10^ 

2100 

4264 

4242 

10 

3.24 

3.24 

1350 

1320 

1320 

52 

12.9 

29.1 

23 

7.5 

7.5 

2.5 

2.5 

2.5 

77.5 

22.9 

39.1 

13.8 

4.0 

4.4 
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6. A ARRAY MODULE PERyORMANCE 

In Ssctlon 5 a da tailed approach to conLtntratlng array perfomanca waa 
dascrlbad. Tha local dlatrlbutlon of concantratad aisillght ovar tha aolar 
panel waa calculated by ray tracing. Local aolar call taoperaturas and 
thalr individual electrical contrlbutlona ware calculated by a detailed 
mathaiuttlcal model. Finally, Individual concentrator povar outputa ware 
auanad for a whole module, with allowancea for the calculated pwer loaa In 
the electrical hameaa. 

Two verslc«'s of the detailed performance model uere written, one for 
alllcon aolar panela md one for galUu'a araenlde. For each varalor. , power 
output calculatlona ware made for minimum and maidmum earth radiation 
condltlone. Theae correapond to array orlentatlona at ainrlae/aiuaet and at 
aolar noon. The reeulta Indicate that the concvntrctlng array output la 
quite Inaenaltlve to varying thermal radiation from ttie environment. Table 
6-6 summarizes the results for the ndnlmum earth rad'..atlon condition. They 
show that the higher conversion efficiency and lower tenperature sensitivity 
of gallium arsenide cells results In a 55 percent performance advantage over 
silicon cells which helps to compensate for the higher cost of gallium 
arsenide. 


Table 6-6. Performance Estlu.ates for SI and GaAa Array Modules 
(4356 conceutrator elements, 1320 deployed area) 


Solar Cell Type 

Mass 

(kg) 


Power 
(kW BOL) 

Watts/ 

Watts/ 

kg 

$/ 

Watt 

Gallium Araenlde 

4242 

29.1 

175 

133 

41 

166 

(20 mm X 20 mm X 0.3 mm) 







Silicon 

4264 

12.9 

113 

85 

27 

114 

(50 mm X 50 mm X 0.25 mm] 
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The sai&e detailed modeling could have been used to e:q>lore performance 
variations due to off-pointing and also to predict the performance during 
ground testing. This would have required substantial additional effort and 
Is mnecessary to the objectives of the program. Instead the detailed results 
have beer, used to refine a sliqillfied lisoped-^arameter performance model. This 
model, which was originally developed under the previous contract has beei 
extended to include factors which come Into play during ground testing. 

Solar cell operating temperature Is obtained from the steady-state heat 
balmce equation written for a mlt area of the solar cell panel: 

4- + ep + 'hh * '2> 


The first term represents the product of the oiergy Incident on the 
panel, SCCR)n^^» and the fraction which must be dissipated as beat, a^-f^f^n^. 
The second term represents the additional heat load from earth radiation 
absorbed on the rear surface of panel and radiator. As a simplifying approxi- 
mation, the temperature gradient from at tc rear surface of the panel is 
neglected. 

B^at Is dissipated by radiation from both front and rear surfaces of the 
panel and radiator. During gromd testing, convection to the surrounding air 
Is also an Isportant heat loss mechanism. These processes are described by 
the second and first terms on the right h.and side, respectively. 

Solar cell conversion efficiency is assumed to have a linear dependence 
(XI cell temperatures 

he - - iKT-301) (6-3) 


Simultaneous solution of Equations (6-2) and (6-3) yields an equilibrium 
value for the solar cell tern arature and a correspcxidlng value for the conver- 
sion efficiency. Array output per unit projected area becomes: 


P/A 


S Ti „ f.f f.n 
opt £ p A c 


(6-4) 


where the three x-factors correct for niscellaaeous array losses (cell mis- 
match, harness resistance, ultra-violet loss), cell packing factor, and 
concentrator effective area ratio, respectively. 
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Equatloas 6-2, 6-3 and 6-4 can be progranmed on a hand calculator and 
will gd.ve rapid performance estimates for any desired range of parameters. 
The estimates are made realistic by using the detailed performance calcula- 
tions previously described to obtain eng>lrical values for the factors which 
may be mcertaln. Table 6-7 lists these enq>lrlcal factors. 


Table 6-7. Lumped Faraneters Derived from Detailed Solutions 


' 

Nominal Value 


1 Parameter 

Space 

Ground Test 

Remarks 

'^opt 

0.77 

0.77 

Varies with pointing 


0.92 

0.96 

No ultra-violet, harness 
losses for ground test 

F 

c 

0.92 

0.92 


1 

0.36 

0.80 

No adjacent coicentrators 
for ground test 


0.59 

0.71 

Varies with T 

' h (W/mTC) 
a 

0. 

3.6 

Varies with (T -T ^ 

c a 


j 
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7.0 DEMONSTRATION COMPONENT FABRICATION AND TESTING 

The prediction methods described In Section 5.0 provide considerable 
Insight Into the adequacy of the array deslgp but analytical models do not 
necessarily account for all factors which might affect performance. In 
particular, reflector optical quality, concentrator dimensional accuracy, and 
solar cell variations are all difficult to characterize and Incorporate into 
performance prediction methods. Similarly, kinematic behavior and fabrication 
feasibility are difficult to assess from drawings aid desl^ analysis alone. 
Therefore, component and subelement testing are required to demonstrate the 
optical, thermal and electrical performance of a full-scale concentrator 
under terrestrial conditions and provide more insight into the mechanical 
behavior of the design. Terrestrial performance can be compared to an 
analytical model of the terrestrial behavior In order to validate performance 
prediction methods. 

7.1 TEST PLAN SUMMARY 

All experimental activities performed under the contract are grouped 
under Task 2 and have been coordinated by means of a general test plan. There 
are. three principal objectives: (1) to deaianstrate the feasibility of the 

design concept; (2) to verify the methods used to predict array performance; 
and (3) to provide information for u late of the desl^. The way In which 
Indivi.dual tests are related to each other and to the non -experimental tasks 
of the program is shown In the Test Plan Logic Chart (Figure 7-1). The plan 
Is organized Into seven sections as shown In Table 7-1. This breakdown covers 
all the topics originally discussed at the contract orientation briefing In 
August 1981 but Is grouped somewhat differently to reflect a better mder- 
standlng of the relationships among the experimental tasks. Individual 
tests are described in more detail in the following sections. The fabrica- 
tion and test schedule is show.i in Figure 7-2. 
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Figure 7-1. Test Plai Logic Chart 
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Figure 7-2. Fabrication and Test Schedule 
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Table Sections of the General Test Plan 


Section I 

Objectives 

Principal Results j 

1 1. Structural/Klnematlc I 
1 Models 1 

i 

To visualize geometry; 
to demonstrate 
klnep<:!>tlcs 

1 

Fabricated 1/15 scale 
simulator, 2x2 simulator 
and engineering aid. 

1 2. Reflector Material/ 

1 Fabrlcatlop Tests 

' (stretched films) 

! 

1 < 

To evaluate materials 
and fabrlca.tlon proce- 
dures; to produce 
demonstration panels 

Fabricated functioning 
reflector panels 
successfully. 

! 3. Reflector Material/ 
^ Fabrication Tests 

i (rigid) . 

To evaluate materials 
and fabrication proce- 
dures 

Fabricated test coupons; 
full scale panels not yet 
satisfactory. 

4. Reflector Optical 

1 Tests 

1 

1 

To provide data on panel 
reflectivity and 
specularity 

Experimental determination 
of specular and diffuse 
reflectance. 

1 5. Solar Cell/Panel 
j Tests 

! 

To determine basic 
electrical, mechanical 
and thermal character- 
istics of cells and 
panels . 

Measured panel and cell I-V 
characteristics; effects 
of CR and temperature. 

i 6. Concentrator 

Illumination Tests 

To determine Illumina- 
tion patterns during 
gromd test operations 

Measured CR distributions 
for range of pointing 
angles and geometrical 
1 distortions . 

7. Concentrator 
Performance 
Verification Test 

To verify overall i Measured string and panel 

concentrator performance | power outputs for range of 
\nder grotmd test pointing angles and 

conditions 'distortions. 

1 
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7.2 EXPERIMENTAL HARDWARE 

The experimental hardware required to carry out the teats represented In 
Table 7-1 is a sl^ilf leant design effort by Itself. The drawings 
which have been prepared are listed in the drawing tree depicted in Figure 3-2 
and provided in Volume 2. 

The drawings listed are of several types. Some, like those for the model 
simulators and the solar panels, provide guides and instructions for subcon- 
tractors. Others represent Rockwell-fabricated components and test assemblies. 
In general every effort was made to preserve a close similarity betweai test 
hardware and the flight hardware design. In some cases, the requirements cf 
Imasdlate availability necessitated substltutloas but In no case do these 
'result in significant discrepancies. Table 7-2 sunnarlzes the dlffermces 
between the full-scale test concentrator and the flight design. 


Table 7-2. Fli^t Design Characteristics Conpared 
with Test Concentrator Element 


Item 

Flight Design 

Test Concentrator | 

Substrate/ 

Radiator 

0.5/0. 6 mm aluminum 
No connector bracket 

0.8 mm aluminum 
Connector bracket 

Hinges 

Molded plastic, fixed and 
removable brackets 

Bonded steel pins, 
removable brackets 

Silicon 
Half -Panel 

50 nm X 50 mm X 0.25 mm c^ll 
(14Z) 

20 mm X 20 mm X 0.25 mm X 
0.3 mm cell (12. 5Z) 

GaAs Half-Panel 
Interconnects 

20 mm X 20 mm X 0. 3 mm cell 
(18Z) 

Welded sllvermesh 

20 mm X 20 mm X 0.3 mm' cell 
(16. U) 

Solderea allvermeah (Si) 
Soldered Kovar Solaflex (GaAs) 

Diodes 

Series parallel redundant 

Parallel redundant 
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7.3 STRUCTURAL AND DTNAMIC MODELS 

A Aeries of models were desi^xed and- fabricated aa aids to understanding 
the geometric and kinematic features of the array design. 

7.3.1 1/15 Scale Deployment Simulator 

The 1/15 acale deployment simulator model demonstrates the deployment 
scenario^ namely single-axis deployment, with dual extension. Figure 7-3 
shows the simulator photographed In conjmctlon irlth a scale model of th^ 
Shuttle orblter. The model consists of six con talneir sections and provides 
a means of visualizing the relatl>« positions of module coiq>onent8 such as 
canisters, attachments, and hinge lines during various stages of deployment. 
It will also be useful in the deslpi of integration hardware componen.ts for 
attaching the module to the Shuttle payload bay or a user spacecraft. 

k 

The 1/15 Scale Deployment Simulator was fabricated from drawing 
No. D416-340020 (Volume 2) by subcontractor (Penwall Industries). 

7.3.2 2x2 Dynamic (Fmctlonal) Simulator 

The 2x2 dynamic model Is designed to Illustrate the motion of complex 
Interfaces and to help identify potential problem areas. The model also 
suggests realistic volumetric ratios md aids In the demonstration of the 
full-scale extension -re traction scenario. 

Figure- 7-4 shows Intermediate stages In the dynamic simulator, which 
represents a two-element by two-element segment of the full scale array. 

Only the cable airport system, end cap attachment and folding concentrator 
reflector panels are simulated in this model. The surface representing 
solar panels are non-functlonal and end cap extension Is activated by means 
of a hand-driven screw Instead of an astromast. 

The simulator is designed to demonstrate the kinematics of extension 
and retraction for slde-by-slde concentrator elements txider the action of 
end cap motion. The end caps and masts are made from expanded polyvinyl 
chloride (PVC) sheets 3.2 mm (1/8 Inch) thick. Reflector frames are also 

3.2 urn PVC covered with aluminized mylar to make reflector surfaces. The 
substrate /radiators are made from 0.63 mm (25 mil) aluminum sheet on which 
are bonded C.76 mm (30-mll) aluminum panels to simulate the thickness of the 
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the solar cell stack. The oodel housing is uade from 9.5 mm (3/8 Inch) 
plywood vlth PVC sheets rapresentlug stacked concentrator elements. There 
are three support cables made of (3.2 mm) plastic-coated stainless steel 
attached to negators within the housing. Hast extension Is simulated by 
means of a 25.4 mm (one-inch) diameter screw jack (8 threads to the Inch) 
which extends and retracts the end cap. MonofUlmant trip Unas actuated by 
dead weights are used to retract Individual concentrator elemanta. 

The functional 4 element simulator was fabricated from drawing No. 0416-3^0010 
(Volume 2) by subcontractor (Penwall). 

7.3.3 Concentrator Element Engineering Aid 

The concentrator element engineering aid (Figure 7-5) uses fUght-wel^t 
materials and flight-type hinges throughout. Its primary purpose Is to 
demonstrate the kinematics of an Individual concentrator element as It movee 
from folded to open position. The engineering aid was also used for a zero-g 
torsion spring test to Identify the forcf. required to open the radiator half- 
panels and the force required to restore the panels using the radiator trip 
wire mechanism. The Concentrator Element Engineering Aid was assembled at 
Rockwell per drawing No. D416-450001 (Volume 2) . 

The spring tests of the Concentrator Element Engineering Aid eiqploy a 
calibrated spring scale attached to the radiator half -panel hinge In order to 
measure the force required to over-center the hinge and stow the radiator 
panel. A rectangular frame fixture supports and contains the concentrator 
under test. The Engineering Aid was mounted horizontally In the test 
fixture and one full reflector panel was clamped while the other allowed to 
slide. The spring scale attached to the half-panels first measure! the 
force required to fold the panel without torsion springs. The torsion springs 
were then Installed into the concentrator elements to test the spring 
operation. 
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7.4 REFLECTOR MATERIAL AND ''.\BRICATION TESTS 

This serlAs of tests consisted of shop aid laboratory Investlgatlcr.s of 
candidate materials and processes which could be used for reflector panels. 

In general, the tests sought answers where there was Insufficient design 
Information to Insure trouble-free fabrication. It was not expected that 
all technology questions could be answered within the scope of the present 
program. For a particular application, some Issues require further develop- 
ment or test verification prior to application In a full-scale array. These 
Issues are .Identified and discussed below and In Section 8.?. The overall 
objectives of this series were* 

• To demonstrate the feasibility of reflector panel desl^is. 

• To test se'reral mate rial/ fabrication options for sultablU y. 

• To fabricate a set of reflector panels for use In the 
lllumlnL Ion and concentrator oerformance tests. 

Two basic approaches were adopted, namely the stretclied-f 11m approach 
In which aluminized Rap ton film was stretched and bonded to a rigid frame 
and the rigid-panel approach In which an aluminum coating was vapor-deposited 
onto the smooth surface of a solid sheet. 

The test plan originally formulated for this portion of the work called 
for pa^cllcl experimental operations on both types of reflectors, starting 
with the fabrication of small samples (coupons) and proceeding through the 
construction of full-scale panels to a complete concentrator element. At 
each stage optical and structural evaluation was to be performed In order to 
select the best candidates for succeeding operations. This procedure was 
catrlei! out successfully for the s tretched-f 11m candidates and has resulted 
in a satisfactory set of reflector panels which have been incorporated Into 
the full-scale demonstration concentrator element. No completely satisfactory 
rigid panel was produced, however. Candidate configurations and experimental 
results are summarized In the following subsections. 

7.4.1 S tretched Film Panel Development 

Three panel configurations using the stretched-fllm approach were fabri- 
cated and evaluated In the Advanced Manufacturing Laboratory located In the 
Rockwell Downey Complex, ’.'here the necessary molds, ovens and machine cools 
were available. Table 7-3 summarizes the experimental operations performed. 
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Table 7-3. Stretched Flln Panel Configurations and Test Approach 


Configuration 

Approach 

Aluminized Kapton film on a 
polysulfone-graphite frame 

0.05 mm film 
1 3.2 nn frame 

Hold polysulfone-graphite sheet, machine 
into frames, epoxy bond film to frame, 
cure at room temperature 

j Aluminized Kap'ton fil^ on an 
aluminum frame 

Machine aluminum sheet stock into frames, 
bond film as above 

1 0.05 mm film 

1 1.5 mm frame 

1 

1 

Aluminized Kapton film on a 
graphite-polyimlde frame 

i 0.05 nn film 

j 1.5 mm frame 

I 

1 Lavuo and cure a balanced sheet of eraphite- 
polyimide, machine into frame, bond film 
' as above 


The stretched-f ilm concept produced favorable results. All stretched- 
film configurations produced acceptable reflecto' panels from a mechanical 
standpoint. Tlie panels survived temperature excursions up to 150*C and 
reraained taut at room temperature for times in excess of 12 *:>anths. Select. d 
panels and coupons were optically tested as described in Section 7.5. 

7.4.2 Kapton Film Creep Test 

Because of the relatively high service temperatures reached by reflector 
panels, a creep C ^t was car. 'led out on specimens of uncoated Kapton film, 
25.4 naa (one inch) vide, 0.013 mm thick with a 254 mm (10 inch) free length. 

The test consisted of month-long exposures of strip specimens at con- 
stant load, carried out both at room tenperature and at 150”C. Spec..mens 
were supported vertically on test r/iclos by horizontal clamps at the ipper 
end. The specimens were loaded by dead v^ights clamped horizontally to their 
lower ends. Sample test conditions are listed in Table 7-4. 

Elongation was obtained by determining the differaice in height of 
sci'ibe marks placed on upper (fixed) and lov«r specimen clamps, measured at 
the time specimens are first loaded and periodically during the month-long 
test period. For speciuois e)q>osed to elevated temperature, racks were 
removtsd from the oven and rllowed to cool to room temperstire prior to each 
elongation measurement. 
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Table 7-4. Film Creep Teat Cooditiona 


Temperature 

CC) 

Specimen Thickness ' 

Specimen Load 

Stress 

i 

(urn) 

1 (in . ) 

1 

(n) 

(lb) 

Pa 

X 10-6 

m 

23 

13 

j 0.0005 

0.44 

H 

1.38 

200 

1 

1 

1 

1 

1.33 


4.14 

600 

1 


1 

i 

2.22 

tSB 

6.90 

1000 

1 

1 

1 51 

I 0.0020 

0.44 

0.1 

0.34 

50 

1 

. 

1 

1.33 

0 3 

1.03 

150 


1 

1 

2.22 

0.5 



1.72 

250 

1 150 

1 13 

' 0.0005 

0.44 

m 

1.38 

200 

1 

t 

! 

1.33 


1 4.14 

600 

1 

t 



2.22 


! 6.90 

1000 

■ 

i 51 

, 0.002 0 

0.44 


1 

i 0.34 

50 




1.33 

0.3 

1.03 

150 




2.22 

0.5 

1.72 

250 


The results of the film creep test were not conclusive. A number (but 
not all) of the samples failed at stress levels betwi-ai 4.1 and 6. 9 x 10^ Pa 
(60C to 1000 psi). These failures were not preceded by significant elongation 
however, and are thought to be due to notches or imperfections In the hand * 
trimmed edges of the sanplei.' rather than to creep. Although elongations of 
the order of one percent or less were observed in the surviving samples, any 
clearcut progression with time was nbscutid by small, apparently random 
changes. This is believed to be due to the necessity for maki ig all meas ire- 
men ts at room tenperature. 

One fact is clear. La* • amoun.a of film creep were not observed over 
the one-month test period at stress levels up to 6.9 x 10^ Pa (1000 psi) for 
temperatures up to 150“C. This, together with the fact that all stretched 
film panels which have oeen fabricated have remained taut for a period in 
excess of 12 months indicates that film creep will not be a problem. 

7.4.3 tUgid Panel Developmrnt 

.4 total of six rigid-panel concepts were evaluated as possible reflector 
candidates. Table 7-5 summarizes the configurations. It was recognized that 
all these rigid panel concepts would require significant devel'jpment of both 
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Table 7-5. Rigid Panel Configurations and Test Approach 


Configuration 

Approach 

Graphite paper/epcocy coupon* 

J 

1 

Layup and cure graphite paper /epo.xy bn a 
glass plate. Vapor deposit aluminum onto 
smooth surface (v 500 A coating) 

i 

1 Molded polysulf one-graphite 
1 panel 

Hoc press polysulf one-graphite pellets in 
a mold, trl.m blank 

i 

Aluminized Kap ton -graphite 
paper/epoxy laminate panel 

Laminate aluminized Rap ton film to each 
side of graphite paper/epoxy, press and 
cure 

1 Grapblte/polyimide laminate 
coupon 

Balanced ply la 3 rup on a glass plate, 
autoclave cure 

Metal matrix (silicon carbide 
in aluminum) coupon* 

Trim sheet and vapor deposit aluminum on 
one side ('v< 500 A coating) i 

Mirrored (aluminized) poly- 
carbonate coiq>on* 

Trim off-the-shelf sheets 

1 

* These samples used for optical tests. | 


tooling and processing before any of these could be considered for production 
This program was intended only to establish feasibility of solid reflector 
fabrication and to identify the technology development activities necessary 
for proof of concept. 

In an effort to obtain a general understanding of the potential of the 
candidates for the solid reflector concepts and obtain an estimate of possible 
performances, it was decided to produce sample hardware at minimum cost. 
Coiq>on-sized materials were either obtained as coarse finished samples 
Intended for some other functloo cr were produced with less than adequate 
tooling and minimal to no process development. The unpolished metal matrix 
configuration and the epoxy /graphite paper samples, both promising candidates 
for economical high production manufacture, were sent to an outside vendor 
for the application of a aluminum mirrored surface with an overcoat of silicon 
mnnoxide both put on by vapor deposition. The results of this one trial 
coating, because of the above discussed processing and tooling deficiencies, 
re/^u1 ted in a non optimum mirror surface. Since development Isprovements 
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were not 'part of the coatract effort, ao further development attempts were 
made. The sanples were optically tested and could r.ot compare with the 
results obtained from the stretched film specimens. Hewever, with proper 
surface preparation and additional tooling development, these two concepts 
are certainly viable aid can be made to rival the stretched film concepts 
'ji terms of performance and be far superior In terms of economics for large 
pcale manufacturer and durability. 


As a result. It Is reconaended that technology programs be separately 
funded to exploit these candidate solid reflector developments In the 
comprehensive manner these require. 

7.5 REFLECTOR OPTICAL TESTS 

Optical tests were carried out on reflector panels and coupons in the 
Optical Laboratory at the Seal Beach facility to evaluate the diffuse and 
specular reflectances of coupons and complete reflector panel surfaces and 
to demonstrate the adequacy of surface finishes. A lo%i-powered (2 mW) 
helium-aeon laser (X ” 0.6328 uo) was used as a U^t source. Reflectaioe 
measurements were made using a 178 mm (seven inch) diameter integrating 
sphere with an Internally mounted sUlcoi photodiode detector. The experi- 
mental set-up is shown in Figure 7-6. 

Panels and coupons were reflectance-tested in representative areas over 
the whole sample. In each test area both total reflectance (p^) and non- 
specular Cp^^) reflectance were measured. Specular reflectance (p^) values 
uere obtained from measurements of total aid ncn-specular reflectance: 


P 


s 


- P 


ns 


(7-1) 


Non-specular (diffuse) reflectance measurements were made with the laser beam 
passing through the irregratlng sphere and Incident normal to the test surface 
at the exit aperture of the sphere (see Figure 7-7). Under these conditions, 
the specularly reflected conppnent will exit the sphere along the path of the 
incident beam, and the non-specular component is collected by the sphere and 
measured by the sensor. The total reflectance measurement is made by tllclng 
the test surface slightly to collect both the specular and the non-specular 
reflectance coepenents within the sphere. 
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Figure 7-7. Optical Test Geometry 

Optical test results are summarized in Figure 7-8. All of the full- 
scale, stretched-film panels had high specular reflectance (y 90Z) and very 
lov diffuse reflectance. The same was true of the aluminized Kap ton coupon. 

Of the rigid-panel test coupons oily the aluminized epoxy graphite paper had 
high specular reflectance and it was sli^tly lower than that for the al umin ized 
films. 

7.6 SOLAR CELL AND PANEL TESTS 
7.6.1 Test Objectives 

The primary objective of these tests is to establish the photovoltaic 
characteristics of the demonstration solar panels under controlled laboratory 
conditions. These conditions Include elevated temperature and concentrated 
llluininati.on which more nearly approximates the operating parameters during 
full-scale demonstration testing. 

A second important objective Is to measure cell parameters (short 
circuit current, open circuit voltage and I-V curve shape) as a fmctlon of 
temperature and illumination in order to update the cell models used for 
performance prediction, 
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Figure 7-7. Optical Test Geometry 

Optical test results are summarized in Figure 7-8. All of the full- 
scale, stretched-f 11m panels had high specular reflectance (“v- 90Z) and very 
lov diffuse reflectaice. The same was true of the aluminized Kapton coupon. 

Of the rigid-panel test coupons only the aluminized epoxy graphite paper had 
nigh specular reflectance and it was sllglitly lower than that for the aluminized 
films. 

7.6 SOLAR CELL AND PANEL TESTS 
7.6.1 Teat Objectives 

The primary objective of these tests is to establish the photovoltaic 
characteristics of the demonstration solar panels under controlled laboratory 
conditions. These conditions include elevated temperature and concentrated 
illumlnaCLon which more nearly approximates the operating parameters during 
full-scale demonstration testing. 

A second Important objective is to measure cell parameters (short 
circuit current, open circuit voltage mid I-V curve shape) as a fimctlon of 
teiqierature and illumination in order to update the cell models used for 
performance prediction. 
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ALUMINIZED GRAPHITE PAPER/ 
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POLYCARBONATE MIRROR COUPON 
(W/COVERLAYI 

ALUMINIZED METAL MATRIX 
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.84 



I -78 


V///A SPtCULAR REFLEaiVITY 


□ DIFFUSE REFLEaiVITY 


STRETCHED FILM. PANELS SELECTED FOR 
CONCENTRATOR TESTS 


Figure 7-8. Optical Test Results 

A third objective of the tests is to identify areas requiring design 
update or vhicb indicate a technology deficiency. 

7.^.2 Cell and Panel Fabrication 

All solar cell panels used in this program were fabricated by sub- 
contractors on Rockwell-supplied aluminum substrate-radiators. Applied Solar 
Energy Corporation (ASEC) fabricated and delivered two mechanically inter- 
changeable silicon half -panels consisting of 50 cells each. In addition ASEC 
supplied 10 individual cells, each provided with electrical contacts. 
Spectrolab, Inc. fabricated one ga.Mlum-arsenlde half-panel from cells 
produced at Hughes Research Labs. In addition, they supplied 10 individual 
cells with contacts. 20 mm x 20 mm cell sizes for both Si and GaAs were used 
to provide conparatlve performance data. 
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Both types of half-panel have the aame electrical configuration, shown 
in Figure 7-9. Each half-panel contains one electrical string of 20 and one 
of 30 cells, as shown. Each string has redundant input terminals Including 
isolation diodes. Each string is provided with a bypass diode. The silicon 
half-panels are configured differently in that one has a 20-cell string next 
to the hinge line whereas the other has the 20-cell string along the outer 
edge. Figure 7-10 contains pictures of the actual test panels. Tables 7-6 
and 7-7 provide further information eibout the individual cells and the half- 
panels, respectively. 

Every effort was made to procure solar cells and panels which matched, 
as closely as possible, the flight design. However soote compromises were 
necessary. In some cases, cell properties which could be confidently 
expected within 1984 technology were not obtainable in time for use in the 
present program and substitutes with nearly similar characteristics were 
employed. Another basis for compromise was the practical constraints asso- 
ciated with fabricating only a single unit. Materials and processes suitable 
for production runs of thousands of units were sometimes replaced by their 



DIODES 

TYPICAL HALF-PANEL 



TYPICAL STRING (10 SERIES X 2 PARALLEL) 


Figure 7-9. Solar Cell Panel Electrical Configuration 
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Figure 7—10. Solar Cell Panels — Test Hardware 
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Table 7-6. Characteristics of Individual Solar Cells 


; 


Cell Type 1 

Characteristic | 

1 

Silicon 


Gallium Arsenide ' 

1 

Junction depth (um) i 

0.1-0. 2 

1 

0.5 

j 

1 AR Coating | 

Si0^/Al,0j 

! 

! 

TajO, 1 

, Front grid 
optimization (sms) 

10 


' 1 

1 1 

Contacts 

TiPdAg 


1 

1 AuZnAg (upper surface) ' 

! AuGeNiAg (lower surface) 

1 

Miscellaneous j 

1 

Back surface reflector; 

2 0-cm 

! 

Table 7-7. 

Characteristics of Solar Half -Pane Is 


1 Cell Type j 

Characteristics ! 

1 Silicon 

1 


j Gallium Arsenide 

f - - - ■ 

Bonding agent 

RTV 577 


i DC93-500 ; 

1 ' 

Interconnects 

Soldered, Ag mesh 
(0.05 mm thick) 

I 


! Soldered Solaflex J 

(0.03 ran thi.ck) 

« 1 

Cover 

0.23 mm fused SIO 2 ; 
MgF AR coating; 0.35 
cutoff 

ym 

( 1 

I 0.23 mm fused Si 02 ^ 

j MgF AR coating; 0.35 ym 

i cutoff ' 

i 

Ctjver adhesive 

DC93-500 


f 

; DC93-500 

• 

Conductors 

#24AWG stranded Cu; 
' Teflon insulated 


l!l24AWG straiided Cu; 
Te flan /Kap too 
insulated 


nearest available equivalents. Finally some differences were introduced for 
diagnostic purposes in order to allow measurement of electrical phenomenon 
below the half-panel level. Table 7-8 compares the electrical difference 
between the test hardware and the flight design. 
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Table 7-8. Differences Between Flight Design and Test Hardware 


Con^onent 

Flight Design 

Test Hardware 

Wire Harness 

Flat cable 
Welded assembly 
Hard wired 

Round wires 
Soldered assembly 
Connector output 

i Silicon Half -Panel 
j Array 

1 

1 

■ 

1 

50 mm X 50 mm X 0.25 mm cell 
Ng X Np ■ 4x2 
FEP cover adhesive 
Frosted cover (0.20 mm) 

142 efficiency (panel) 

20 mm x 20 mm X 0.25 mm cell 
Ng X Np ■ 10x3, 10x2 
DC9 3-500 cover adhesive 
MgF AR coat (0.23 ram) 

12.52 efficiency (cell) 

1 

1 GaAs Half-Panel 
' Array 

i 

( 

; 

20 mu X 20 mm X 0.25 mm cell 
Ng X Np - 10x5 
182 efficiency 
Cover (0.20 mm) 

20 ram X 20 mm X 0.3 ram ce31 
Ng X Np > 10x3, 10x2 
16.12 efficiency 
Cover (0.23 mm) 

j Interconnect 
1 

Welded 
Silver mesh 

Soldered 

Kovar "Solaflex" (GaAs only) 

i 

Bypass Diodes 

Ctae per half -panel (Si) 

One per electrical string ■ 

i 

i 

Isolation Diodes 

Series /parallel reduidant 

1 

Parallel redmdant 


7.6.3 Tests of Individual Solar Cell s 

Prior to delivery, both cell manufacturers made certain measurements on 
representative cells. IT'ise Included output current (at a specified voltage) 
and spectral response curves. The output current measurements (also performed 
on ti« solar cell panelb) served as the primary boy-off criterion and were 
repealed In Rockwell's Power Electronics Lab at Seal Beach. Table 7-9 com- 
pares subcontractor and Rockwell measurements with the requirements set forth 
In the subcontract procurements. The Rockwell measurements agree with those 
of the subcontractor and both exceed the specified requirements. The test 
solar cells and panels delivered under the subcontracts were therefore 
acceptable . 

Figure 7-11 presents subcontractor data on spectral response of represen- 
tative solar cells of both types. The gallium-arsenide data shows the 
expected characteristics of shorter peak and cut-off wavelengths as compared 
with silicon. 
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Table 7-9. Buy-Off Coinparlsons of Output Current* 


1 

1 

1 

Component | 

Subcontractor 

Measurements 

(mA) 

Rockwell 

Measurements 

(mA) 

Sped fled 
Requirements 
(mA) 

Silicoii cells 1 

140 

' 

142 

135 

GaAs ' .'11s ' 

103 

106 

V8 

Slllr panel Pi 

710 

715 

o75 

Silic..>n panel P2 | 

720 

715 

675 

GaAs panel P3 ' 

513 

525 

490 


I * Test Conditions — 28*C, AMO corrected, output currents measured 
I at 0.454V per series cell for silicon and 0.830V per series cell 
for GaAs. 


SILICON 


SPKTWH ItSrONSt - LOW C« OfTIMiZtD SILICON 
SOUUI ecu NO. 9, aSEC OAT/ 



GALLIUM-ARSENIDE 


SKCTKAL tESrONSE - LOW c> optimized o»m 
SOLAP CEU NO. 
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The primary purpose of individual cell testing at Rockwell was to deter- 
mine cell characteristics at elevated temperatures and at concentration ratios 
similar to those expected in groiaid and flight testing. Testing cn the 
glazed individual cells was carried out in the Large Area Pulsed Solar 
Simulator (LAPSS) facility at Seal Beach. The same facility was used to 
carry out tests of solar panels. The light source is a pulsed-Xenon flash 
unit which illuminates a large area uniformly for a few milliseconds. 

Figure 7-12 presents the test matrix carried nut in the LAPSS facility. 
Solar cell temperatures were controlled by means of a circulating water bath, 
which also maintained the temperature of a reference standard cell. Illumin- 
ation Intensity (concentration ratio) was controlled by placement of the 
test cells according to the Inverse square law. This was corroborated by 
checking the reference standard output. This technique proved to be accurate 
and repeatable. Auxiliary equipment associated with the LAPSS facility pro- 
vides the ability to produce a complete current -volt age (I-V) characteristic 
for the device under test, corrected automatically for variations in illumin- 
ation during the pulse by referencing the standard cell output. Figures 7-13 
and 7-14 show the results of temperature aid illumination variation for both 
cell types. An examination of the cell I-V curves shows that current output 
varied linearly with light intensity (within + 2 %) and that the shape of the 
curve was nearly constant over the range tested. Fill factors varied from 
0.76 to 0.79. 

Two of the delivered cells of each type were reserved as secondary 
standards and were used during panel tests in the laboratory and during full 
scale concentrator tests. The secondary standards were calibrated by the 
subcontractors to balloon-flight primary standard cells of th* same type. 

Reverse bias charr.cterlstics were also measured fur both cell types. 

This information is of particular interest in destgulng the required bypass 
diode protection. Figure 7-15 presents measured results. The results 
that one diode per half panel will provide adequate protection for both tne 
Si and GaAs designs. The earlier conservative GaAs baseline design, which 
enq)loyed 5 diodes per half-panel (one every two sets of parallel cells), is 
not required. 
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OBJECTIVES - EVALUATE INDIVIDUAL CELLS & PANELS UNDER 
KNOWN & CONTROLLED CONDITIONS 

• BUYOFF 

• MODELING 

• BENCHMAFKING 

SOLAF CELLS SOLAK PANaS 

• TEN gallium-arsenide CELLS • ONE GALLIUM-ARSENIDE HALF-FAnEL 

• TEN SILICON CaLS • TWO SILICON HALF-FANELS 



MUITIFLE SUN SIMULATION TECHNIQUE 
X -7.20 m (SI), 6.74 m (Go/0 


Figure 7-12. Test Matrix and E?.perimental Setup (Schematic) 
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Figure 7-13. Measured Performance versus Temperature 
Galllum-Arseniae and Silicon Solar Cells 
Test Conditions - (TR - 1, AMD Corrected 
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Figure 7-14. Measured Performance versus Flux 
Callium-Arsenlde and Silicon Solar Cells 
Test Conditions - 70 *C, AMO Corrected 
(CR • test flux - AMO flux, spectrally corrected) 
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Figure 7-15. Solar Cell Reverse Bias Characteristics 
(28*C, not illuminated) 
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7.6.4 Solar Panel Tea ts 

The phocovolcalc characterls tics of both the silicon and gallium 
arsenide half-panels were measured by the subcontractors prior to delivery. 
The same measurements also made at Rockwell, with results closely agreeing 
with the subcontractor data. Figure 7-16 shows the output of individual 
strings for each cell type, corrected tor standard conditions of 28*C and 
AMO. Additional panel tests were made at Rockwell at four and six sixi 
Intensities which confirmed the linearity of output with Intensity on the 
panel level. This also permitted estimating the caicentrator element output 
prior to natuidl sunlight tests. 

Prior to uellvery, the subcontractors carried out limited temperature 
cycling tests (10 cycles between lOO'C to -1C0*C) to assess adequacy of 
workmanship during panel assembly. In addition forward voltage drop and 
reverse leakage currf't were measured for all diodes prior to panel fabrica- 
tion. Reverse leakage could not be measured after assembly due to the 
presence of the bypass diode. These measurements showed that all diodes 
conformed to specifications. 


CU»»fNT.VOl.T/kGt OumjT-lOwft 
OfTNMiZEO SK.ICON SOLA* aiL 
jniNCS ON *ANIL 'J 



CUMINT-VOlTAGl OUT*U’-LO*t« 
optimized Gallium akSENiDE SOLA* CELL 



r'lgurn 7-16. Photovoltaic Characteristics of Silicon and GaAs Solar Half-Panels 

(Test Hardware) 
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7.6.S Update of Solar Cell Models 

The solar cell model described in Section 5.5.1 was used to carry out 

the detailed thermal-electrical analysis of concentrator performance described 

in Sactioo 5.5.3. The parameters of this model were derived from che best 

available cell data and used to make performance estimates of the baseline 

(5) 

concentrator, as described in the mid-term report. The results 
of the solar cell and panel tests described above provide che basis for an 
updrte of these parameters. Table 7-10 conq^ares the baseline values with 
those derived from test data as well as those estimated for availability in 
1984. The last two columns represent the best estimate for 1984 cell tech- 
nology, representing only a small performance inprovement from the cell 
parameters measured in this program. 

In most cases, the updated values are close to the baseline estimates. 

Silicon short circuit current I however, is considerably higher thar the 

0 

earlier estimate. This is reflected in higher panel output. 


Table 7-10. Solar Cell Model Farameters 


Parameter 


Baseline 

' Test 

1 


1984 

Design 

Values 

Units 

Si 

GaAs 


GaAs 

Si 

GaAs 

1 /area 
0 

(mA/ cm^ ) 

129 



110 

159 

118 

V 

0 

(mV) 

477 


i 486 

j 

927 

478 

938 

a/area 

(mA/cm^ ®C) 

0.02 

0.01 

1 0.02 

0.02 

0.02 

0.02 

S 

(mV/*C) 

2.1 

1.4 

1 2.0 

1.6 

2.1 

1.5 


(mV) 

22 

28 

i 

32 

24 

30 

Note: Subscript zero denotes the conditions 

and Lq ■ 4 AMO suns . 

at To « lOO'C 

i 

t 

i 

i 
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7.7 FULL SCALE CONCENTRATOR TESTS 

7.7.1 Test Objectives 

Full scale lllumlnatloa tests In natural sunlight have been Included in 
order to determine experimentally the amount <md distribution of light con- 
centrated on the concentrator base plane (solar panel) as a function of 
pointing error or controlled distortion. The experimental data provides 
information on the effects of the surface imperfections and geometrical 
errors of a realistic prototype, concentrator. 

A second objective is to measure solar cell and substrate-radiator 
temperatures. Both absolute temperatures and temperature distributions are 
of interest; in particular the existence of "hot spotii" indicating unusually 
high light intensities or imperfect thermal contact between cells and sub- 
strate are of concern. 

Full scale electrical performance tests are included to determine over- 
all power output and the current-voltage characteristics of solar cell 
panels, half-panels and electrical strings for a variety of experimental 
situations. These include': direct solar pointing; off-pointing about 

different axes; controlled distortion of the concentrator shape; and differ- 
ent electrical configurations. 

A final objective is to compare the results of illumination, temperature 
and electrical measurements with predictions carried out using the methods 
employed to predict concentrator performance in space, in order to assess the 
adequacy of the design analysis methodology. 

7.7.2 Test Site Characteristics 

Preliminary checkout of all equipment and procedures used in the full 
scale testing was accomplished at an open, black-topped parking area adjacent 
to the office and laboratory buildings of the Rockwell Seal Beach facjlicy. 
Ugc of thio alLe minimized travel time and facilitated the modifications of 
equipment and procedures. However, the low elevation (essentially sea level) 
and the proximity to the ocean results in relatively low and uncertain direct 
solar intensity and a fairly high amount of diffuse sunlight. Fcr these 
reasons the bulk of the quantitative data taken under the present program was 
obtained at the high-altitude site. 
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The Solar Observato'^ at Table Mountain in California was chosen as the 
most suitable site fcr high altitude testing for several reasons. It is 
close to Seal Beach, (less than 100 miles by road). Its 2300 m (7500 ft) 
altitude results in a good percentage of clear sunlight hours %^th high 
direct solar intensity. The facility, which is presently managed by the 
Jet Propulsion Laboratory, provides a level, concrete surface for equipment 
deployment, utility electric power and locked Indoor space for storage of test 
equipment when not in use. 

Regular solar measurements have been made at the site by the Smithsonian 

Astrophysical Observatory during the period from 1926 to 195^. In 1977 
(19) 

Wilson and Butler repeated these measurements and found that the mean 

direct solar Irradiance had not changed within the small standard errors of 

measurement. Direct beam intensity at a zenith angle of 60* was about 
2 

990 watts /m . 

Although conditions at Table Mountain approximate those in space to some 
extent, there are important differences between the ground test of a single 
concentrator eleioent and the operation in space of an array of close-packed 
elements. Even at altitude, atmospheric attenuation reduces the Intensity of 
direct beam radiation significantly. The atmosphere also alters the spectral 
quality of the light and produces diffuse radiation as well. The thermal 
environment is also quite different in the two cases. The grotnd test element 
can radiate heat away unhindered by blockage from adjacent concentrators. 

The radiator receives more reflected and emitted radiation from the surrounding 
terrain than it would in space. The radiator and solar pane I are cooled by 
convection during gromd tests; even in still air, free ccnvection provides 
sipiificant cooling. 

7.7.3 Pretest Analysis 

The optical performance of the concentrator during ground testing depands 
upon the amount and distribution of diffuse light entering the aperture. A 
ray-trace analysis was carried out using RAYPYR (see Section 5. A) raider the 
following assumptions: 

2 

Direct beam intensity, W/m 1050 

2 

Diffuse Intensity (isotropic), W/m 105 

Concentrator specular reflectance 0.88 

Concentrator diffuse reflectance 0.01 
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Figure 7-17 shows the distribution of illumination on the solar cell plane, 
expressed as concentration ratios in units of direct beam intensity. A 
conparlson with the calculated distribution for operation in space (Figure 
5-23) shows that the presence of lOZ isotropic diffuse radiation has relatively 
little effect on the concentration ratio distribution (although the absolute 
intensities are lower because of direct beam attenuation). 

The ray-trace program RATPYR is limited to handling isotropic diffuse 
light. However, the isotropic assumption may be a poor one. data 

presented by Velss and Lof^^^^ suggest that there can be a significant 
amount of circumsolar diffuse radiation within the acceptance angle of the 
pyramidal concentrator. A precise analysis is not possible without modifying 
the ray-trace program. An approximate analysis which treats the percentage 
of circumsolar diffuse radiation as a parameter gave the following results: 

Z Circumsolar* Average CR* 


0 

4.64 

3 

4.75 

9 

4.97 

13 

5.U 

23 

5.47 

34 

5.86 


* Based cn direct beam intensity. 

The electrical performance of the concentrator during ground testing is 
affected by a number of environmental factors including the solar zenith 
angle (air mass effect), the clearness index, the air temperature, the grojnd 
reflectivity and temperature and the wind velocity. The lumped-parameter 
performance analysis described In Section 6.4 was used to make pretest pre- 
dictions for the expected range of conditions likely to be aicountered. 

Figure 7-18 presents peak power output, on a full-panel basis, as each 
parameter in turn is varied over the expected range f.”om the set of nominal 
conditions given in the figure. 
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Figure 7-17. Predicted CR Distribution During Ground Testing 
(Isotropic Distribution) 



4.74 

4.76 

4.76 

4.85 

5.15 

5.10 

4.83 

4.83 

4.76 

4.72 

4.75 

4.53 

4.61 

4.86 

<.98 

4.91 

4.85 

4,65 

4.48 

4.84 

4.91 

4.65 

4.47 

4.59 

4.44 

4.57 

4.50 

4.39 

4.70 

4.86 

4.83 

4.7o 

4.55 

4.33 

3.84 

3.75 

4.32 

4.62 

4.84 

4.76 

5.<K 

1.92 

4.57 

3.69 

3.67 

3.63 

3.75 

4.52 

4,92 

5.15 

5.18 

4.91 

4,53 

3,77 

3.63 

3.66 

3.76 

4.43 

4.95 

5.14 

4,80 

4.85 

4.54 

4.32 

3.78 

3.82 

4.38 

4.49 

4.87 

4.79 

4.83 

4.62 

4.48 

4.52 

4.58 

4.59 

4.46 

4.42 

4.71 

4.85 

4.83 

4.4 

4.76 

4.81 

4.88 

4.85 

4.87 

4.64 

4.43 

4.76 

4.68 

4.79 

4.80 

4.85 

5.21 

5,18 

4.83 

4.86 

4.77 

4,69 


•CR AND TJOPT BASED UPON DIRECT BEAM INTENSITY 






Figure 7-18. Pretest Electrical Performance Predictions 

(Table Mountain) 
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Average solar panel temperature varies noticeably with environmental 
conditions. In still air the variation Is moderate, from 65° to 79° C with 
a nominal value of 74°C. Wind velocity has a larger effect. At an assumed 
wind speed of 1.5 m/sec (3.4 mph) average panel temperature drops to 55°C. 

Even the highest predicted panel temperatures are ;«11 below those expected 
In space. 

7.7.4 Test Eq^ulpment 

The test Item for all full scale testing consists of an assembly of 
four film-frame reflector panels, two of which are hinged to permit folding. 

The reflector assembly (the concentrator) is closed off at the trmcated base 
either by diffuse reflector plate (for llluolnatloQ tests) or by two solar 
half -panels. The concentrator Is supported as a unit by means of a rigid 
rectangular test fixture made of light angle stock. The fixture was mounted 
on a tracking equatorial telescope mount as shown In Figure 7-19. 

The top (aperture) of the concentrator is clamped to the fixture by 
means of four support pins Imbedded in the reflector frames. They are 
positioned on the fixture by means of adjustable clamps, in either the 
nortaal (fully open) cc.iflguration or In one of the distorted configurations. 

The reflector '.perture is fitted with a removable cover made of light-freight 
aluminum sheet. The cover is provided with a small (6 mm diameter) central 
alignment hole, a rectangular opening for photographic calibration, and a 
circular opening large enough to admit the lens barrel of a 35 mm camera. The 
camera, a Nikon FM with a Nikkor 55 mm macro lens, is supported by a standard 
camera tripod when in use. The camera was loaded with Kcdak 2415 technlca.1 
pan film for illumination experiments. Film was developed at the photographic 
laboratory in Rockwell's Downey facility using Kodak D-19 high-contrast 
developer. Evaluation of film records and quantitative analysis of film 
exposure is accomplished at the photographic laboratory using a densitometer. 

Solar Intensity was not directly measured during the tests but inferred 

from the extensive data base for clear-jky conditions summarized by Wilson 
(19) 

and Butler . During the present test program the criterion for "clear sky" 
was qualitative, namely the absence of clouds in the vicinity of the sun and 
no visible smoke or haze. Solar intensity was monitored by means of a reference 
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Figure 7—19. Concentrator Element Test Hardware 
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cell momted cn the sunward surface of the support fixture. Typically cell 
output varied by less than IZ during a given series of clear sky of measuremencs . 
The onset of haze or cirrus clouds hovever, produced dips of lOZ or more In 
the readings, at which time testing was discontinued. 

Temperatures on the under-surface of the aluminum substrate -radiators 
were measured by copper-cons tan tan thermocouples bonded by means of aluminum 
adhesive tape. Each half-panel carries four couples; one at the center of 
the hinge line, one at the edge of the region occupied by solar cells, and one 
each at the mld-polnt and comer of the radiator edge. A thermocouple Is also 

used to monitor the temperature of the reference cell. Front-surface solar cell 

( 21 ) 

tenperatures are measured by means of a AGA Thermovision 680 Infrared camera 
system (Figure 7-20) which transforms Infrared Images Into color-coded displays 
of Isothermal regions. The camera Is provided with Its own adjustable stand 
which allows a view Into the concentrator from a direction sufficiently off- 
axis so as to avoid Interception of rays which would reach the solar panel. 
Permanent records of the color display are made with a polarold camera. 
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Figure 7-20. Concentrator Performance Verification Test 
Test Instrumentation (from Reference 21) 
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Current-voltage characterlati-cs of individual electrical strings, half- 
panels and full panels are determined by means of a manually swept variable 
re.^lstance load. Current is measured by means oT an amneter with a" 0.01 ohm 
shunt; voltage by means of a high -Impedance digital voltmecer. Current and 
voltage are displayed aid recorded on an X-Y plotter. 

7.7.5 Illumination Test Procedures and Tasults 

Initial test plans called for vhe measurement of Illumination distribu- 
tions on the base plane by photographing the back side of a translucent 
diffuse screen. Preliminary tests proved this approach to be unsatisfactory, 
probably due to variation In screen transmission with Incident angle. Front- 
photography of a diffuse reflecting surface (aluminum sheet painted with 3M 
velvet white paint) was used In all measurements described here. 

Alignment of tive concentrator optical axis is accon|)Ilshed by moving the 
supporting fixture as a whole. Solar direction Is determined by noting the 
location of the Image of a small alignment hole in the aperture cover pro- 
jected onto a marked template covering the base plane. Adjustments about the 
polar axis (East-West adjustments) were made by rotating the tracker. North- 
South adjustments were made by means of a set screw located on the tracker. 

A clock drive maintained alignment within a fraction of a degree between 
adjustment periods, usually 30 minutes or less. 

Illumination was measured by photographic densitometry. With the 
aperture cover In place, a rectangular opening Is exposed progressively by 
withdrawing an opaque slide in six equal steps. At each step the Image of 
the opening is photographed by multiple exposure, typically at f/.‘ 6 and 1/250 
second through a neutral density filter. The resulting photographic Image 
of the rectangle provides a calibration In relative units from six suns 
Intensity for the first exposed step to one sun for the last. Several such 
calibration frames were photographed on each roll of film. These allowed 
the relating of optical doisltles measured in test frames (where the reflect- 
ing base plane is photographed with the aperture cover removed) to the 
relative Illumination In suns. 
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Figure 7-21 is a typical test frame shoving tlie Illuminated base plane 
unuer zero pointing angle conditions. The quail tad correspondence with 
the theoretical pattern shown In Figure 5-23 Is evident. The diagonal 
boundaries originating from the comers, the lower llluoilnatlon In the 
center and the higher values around the edges are all present. There are 
also noticeable departures from the Ideal pattern, apparently associated 
with Imperfections of the reflector panel hinge lines and a slight bowlrg 
of the reflector frames. Den si tome trie measurements, with a resolution 
approximately equal to 1/100 the total base area, gave an Illumination range 
from 4.3 to 5.8 suns, with an average value of 5.25 suns. The intensity 
range compares with the theoretical values 3.6 to 5.3 (4.6 average) taken 
from Figure 5-23, but Is about 0.6 suns higher. 

Similar Illumination measurements were made for a range of polndng 
angles and for controlled dlstordons of the concentrator structure. 
Difficulties with exposure levels and camera view angles prevented the 
obtaining of useful illumination data during distortion. Figure 7-22 
summarizes the measurements made during off-pointing. Measured average concen- 
tration ratios fall off gradually with pointing error In good agreement with 
theoretical predictions. .4galn, however, the Indicated lllumlnatlop values 
are about 0.6 suns too high. 

The most probable explanation for these differences lies In the assump- 
tions about the amount ard distribution of diffuse sunll^t. As Is shown 
in Section 7.7.3 the pretest predictions based on the assumption of lOJ 
isotropic diffuse light gave an average Illumination of about 4.6 suns at 
the base plane. However a hypothetical 15U diffuse light concentrated within 
15” of the solar direction could give an apparent Illumination as high as 
5.2 suns. 

7.7.6 Solar Panel Temperature Measurements 

Several series of thermocouple measurements of substrate and radiator 
temperatures were taken periodically. Interspersed with the electrical 
performance measurements described lection 7.7.7. Average substrate 
temperatures ranged from 44” to 71”C. When allcrwance is made for the 
approximately 2*C drop through the solar cells, the measured values are in 
fair agreement with pretest predictions (55” to 79*C). Generally speaking. 
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Figure 7-22. Experimental Average Concentration Ratios on Base Plane 

(Table Mountain) 
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teiq>eracures were higher (54* to 71*C) in May than during the March test period 
(44* to 51*C). During the May tests a progressive Increase In average ten^er- 
ature with time of day was observed, no doubt reflecting higher amblen.. 
temperatures. Several factoru difficult to control limited attempts to 
compare measured and predicted temperatures more closely. Emitted and 
reflected radiation varied throughout the day In a manner difficult to 
accoiAC for. Although testing was discontinued In windy conditions, light 
Intermittent breezes did occur. The effect of power conversion on the panel 
heat balance was noticeable and could change panel temperatures by 5* to 10*C. 

The Thermovlslaa Infrared camera gave a detailed picture of the distri- 
bution of solar cell temperatures over the solar panel during operation. 

Figure 7-23 is a black and white print from a color picture of the Thermo- 
vision record for a typical run. The teoperature calibration scale along the 
bottom of the picture (color-coded In the original record) provides a means 
of defining cell surface temperatures within 2*C. The Thermovision camera 
does not make an absolute temperature measurement, but must be calibrated for 
a given surface at one known temperature. In the present case, thermocouple 
measurements on the bottom (substrate) side of the panel were us;£d to deduce 
cell tenperature, assuming a 2*C drop through the stack. 

The Thermovision camera was used only to obtain representative solar cell 
tenperature patterns during the present test program. It shows the expected 
pattern of highest temperature In the middle, In spite of lower illumination 
there. The high resolution of the Thermovision camera makes it a promising 
development tool during later phases of concentrating array development. 

7.7.7 E lectrical Performance Tests 

The most significant tests of the present program were those in which 
the electrical output of the illuminated concentrator was measured. Optical, 
thermal and electrical factors all contribute to the end result. 

The bulk of the performance testing with silicon panels used an electri- 
cal configuration in vdilch each half-panel had both electrical strings hookv.d 
up in parallel and the two half-panels connected in parallel. Wien the single 
gallium arsenide half-panel was tested, the opposite (silicon) half-panel was 
loaded near its maximum power point. Curren t -volt age characteristics were 
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Figure 7-23. Silicon Solar Panel Temperature Dlst "Ibutlon (Tible .Mountain) 
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decennlned at each expcrloantal setting (e.g., a particular pointing angle or 
distortion configuration). Because the experimental maximum pover point 
occurred at a temperature determined factors difficult to control, a 
standardized procedure was adopted. Power output was computed from the 
measured short circuit current I (Insensitive to teoperature) , an average 
fill factor derived from the experimental currait-voltage curves, and a 
temperature-corrected open circuit voltage V, based on tenperature coeffi- 
cients derived from the electrics? tests described In Section 7.6. The power 
calculations were carried out according to 


P - (FF) I V 
max meas corr 


(7-2) 


Figure 7-7.4 presents experimental values of both silicon full-panel 
and GaAs half p<aiel outputs as a finctlon of pointing error. The normal 
Incidence (0*) value Is very close to the pretest prediction of 24 w;>tts 
for silicon. The experimental values for pointing angles tilted about the 
North-South axis (i) parallel to the panel hinge line follow rather closely 

2 

the predicted output for a solar Intensity of 1000 W/m , the value expected 
at Table MoiMif-aln. Outputs for other tilt axes fall below the values for 
North-South tilt. Indicating greater electrical mismatch losses. Some of 
these losses, at least, are due to the existence of two electrical strlngi 
per half-panel rather than the single 5pxl0s string which would be used for 
a 50-cell half-panel in a flight design. Figure 7-25 snowr similar results 
obtained for see-level tests of a silicon panel. Output Is at a lower level 
reflecting the lower solar intensity typically available at Seal Beach. 

Figure 7-24 also shows the experimental power output obtained for the 
gallium arsenide half-panel. Again the normal Incidence power of 15 watts 
(30 watts/panel) matches the pretest prediction. Falloff of power output 
with pointing angle is gradual and there is sone effect of electrical mis- 
match associated with rotation about different axes. 
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Figure 7-2A. Silicon Full Panel and GaAs Half Panel Output 
versus Pointing Error (Table Mountain Observatory) 
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The effect of geonetrlcal distortion on concentrator ontput was deter- 
ndned priioarily using the silicon panels. The pyramidal structure of the 
reflector panels proved to be too rigid to accept much twisting distortion 
without the application of undue force. No translations of the aperture 
comers greater than 13 mm (0.5 in.) were attempted for fear of damaging the 
structure and little output loss was measured at this condition. Large dis- 
tortions could be produced by inward displacements of oie or both reflector 
panel hinges, however. Figure 7-26 shows the effect on electrical output 
for both cases. Performance drops rapidly with hinge displacement until a 
plateau is reached at which optical concentration becomes ineffective and 
panel output corresponds to the amount of direct smlight which gets through 
the partially folded reflectors. 

7.7.8 Summary of Full Scale Test Results 

Full scale testing of the prototype concentrator element confirms the 
performance expected from the design. Op— .:al and temperature measurements 
showed the expected distributions and trends. Differences in absolute level 
are explainable on the basis of factors difficult to estimate accurately or 
control. Electrical performance, which is the result of optical, thermal 
and electrical factors, agrees very well with analytical predictions. Both 
output le^'ei and the insensitivity of output to pointing angle are confirmed 
for both silicon and gallium arsenide configurations. 
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Figure 7-26. Silicon half -Panel Output with Hinge Distortions 
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8.0 DEVELOPMENT PLANNING 


8.1 TECHNOLOGY ASSESSMENT 

The logic diagram shown in Figure 8-1 shows the approach Rockwell has 
taken to Identify, validate, and cost the technology needs. Ten potential 
technology requirements were identified during the contract effort (see 
Table 8-2). These potential requirements were then screened by essentially 
asking four key questions (Table 8-1) to validate that new technology is' 
really involved. Those requirements which passed this gate (8 passed) were 
then further evaluated to determine items to be recommended for supporting 
Research technology (SRT) items. 

Each of the potential technology requiremeits were initially validated 
by asking the four questions shown in Table 8-1. This initial screening was 
able to identify solutions for on-going R&D activities for two of the cen 
items discussed. The remaining eight items which passed gate no. 1, v«re 
scrutinized further for confirming data. 

Table 8-2 summarizes the ten potential technology items identified, 
along with the rationale used to reject eight of the items for SRT consider- 
ation . 

8.2 SUPPORTING RESEARCH TECHNOLOGY (SRT) ITEMS 

Table 8-3 provides a summary of the two SRT items identified. Effort in 
these areas are currently under investigation by NASA. The welded inter- 
connect technology is considered essential for the concentrator array design 
due to its higher operating temperature. However, planar arrays will also 
benefit from this technology for low earth orbit mis.' jn applications where a 
large number of thermal cycling of the array will oc ;ur for long life (10 
years). Tl»e optical stability of reflectors in space needs to b? demonstrated 
for concentrator array applications. The thin film Kapton reflectors used in 
the preliminary design configuration are not expected to present a problem 
since both sides of the Kapton material is coated with aluminum for optical 
and thermal performance characteristics. 
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Figure 8-1. Logic Diagram - Technology Assessment 



Table 8-1. Validation Questions 

1. Is comparable work being conducted now (or contemplated) 
by NASA, DOD, or Industry? 

2. Could the required need date be satisfied by the on-going 
technology rate/trend line? 

3. Are there viable alternatives if the technology need is 
not satisfied? 

4. Is the solution to the problem primarily a short-term 
effort (less than one year)? 
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Table 8-2. Summary of Potential Technology Requirements 


Potential Items 


Status 


•Vibration-free canister-deployed astromast 
•Silicon solar cells (large area) 

•Solar cell cover bonding 
•Solar cell adhesive 
•GaAs solar cells 
j •GaAs solar cell cover banding 
j •Solar cell interconnect design 
I •Solar cell interconnect bonding process | 
j •Optical stability of li^tweight reflectors I 
1 •Radiation-resistant thermal control coating 


Program development item 
Currently under development 
Program development item 
Program development item 
'’urrently under development 
Program developmoit item 
Program development item 


Recommended SRT items 


Program development item 


Table 8-3. Technology Development 

Supporting Research Technology (SRT) Items 

• Welded interconnects — long cycle life at elevated temperature 

— Type and schedule — ultrasonic, laser, parallel gap 
— Performance — temperature cycling. Si and GaAs 
— 1985 inplementation — 1983 start 

— Conclusions — not a show stopper; NASA LeRC comprehensive program 

Lightweight Reflectors — Long Term Optical and Mechanical Stability 

• Configuration — coating/substrate — film/frame, molded panel 

• Performance — recover experiment package 

• Up to one year space exposure desirable 

• Conclusions — Several potential programs identified: 

LDEF, SAFE II, STEP 
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8.2.1 Performance Improvement Items 

Table 8-4 lists six Items that would enhance the performance of Che 
array module, but are not ccsisldered necessary to demcxistrate concentrator 
array feasibility for space mission applications. Two of these Items 
(Astromast and solar cells) are discussed below. 

Hybrid Lattice Mast uevelopment 

The double-laced mast design Is a more recent development, more sophisti- 
cated and possibly a higher risk than the single-laced mast. In the Interest 
of cost effectiveness, the critical con|>onenCs of the canister-deployed mast 
should be coinnun to both designs since future application will determine 
which design Is chosen. 

The design of Che hybrid slng?. 3 -laced/double-laced mast can be optimized 
with respect to weight by changing the configuration of the shear members, 
l.e., battens and diagonals. Standard-sized battens will not allow stowage 
of the hybrid mast in the space provided for a single-laced mast. The batten 
stiffness can be reduced so that under the assumed critical load conditions 
the longeron buckling strength would be reached simultaneously In Che single - 
and double-laced section. 


Table 8-4. Performance Iin>roveinent Items 


Item 

Advan Cage 

Pyrolytic graphite radiators 

-- Reduces cell operating temperature 


— Reduces physical movement between 
cell and panel during temp cycling 

Spectrally selective reflectors 

— Rejects IR while reflecting other 
wavelengths 

Graphite epoxy structural shapes 
(extruded) 

— Cost /weight reduction 

Eteduced weight astromast 

— Weight reduction 

Lightweight rigid reflector panels 

— Cost /weight reduction 

Improved solar cell performance 

— Cost effective /area reduction 
(higher efficiency) 
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The design concept for hybrid lattice masts has been proven on about a 
half scale of the proposed design. The development of the L-SAT actuator and 
the upscaling of other mast designs Indicate one major area vhlch needs to be 
monitored very carefully. The fabrication of the longr:ron composites Is 
highly critical. There are Indications that void cor.tent may lead to Inter- 
laminar cracks at a low number of deployment /re traction cycles. The Icngsrcns 
experience a combination of high shear, bending, and torsion loads In the 
transition from fully stowed to deployed condition, and it is not yet fully 
understood what causes the flaws. Although tests at Astro have sham no 
measurable degradation of longeron bending stren-gth, the situation Is of 
great concern. Improvement of longeron fabrication processes, either layup 
or pultruslon methods, are indicated. 

A techiology development program to address these Issues has been 
estimated by Astro Research Corp. (subcontractor) to require about $400,000 
and would take one year or less to cosqilete. 

Solar Cell Performance /Cost Improvements 

Silicon Solar Cells . There are no known technology deficiencies which 
would prevent the solar cell manufacturer (s) from delivering devices In 
support of a production program. The solar cell characteristics used in the 
performance modeling and analysis section would be transferred into a procure- 
ment specification. These are summarized as: 

Output, min. avg. — 473.6 mV (50 mm x 50 mm x 0.25 mm covered) 

Efficiency - 14Z (AMO, CR - 1, 28*C) 

Absorptance — 0.70 max 

Cell optimization — CR ■ 4 

Cover thickness — 0.2 urn (fused silica) 

These devices could be delivered at a maximum rate of 5,000 per week. Lead 
time would be twelve weeks. A typical delivery shcedule is shown in 
Figure 8-2 to support a production of four modules (307,000 cells). Typical 
test prcgrams needed to support production of flight half-panels would include: 
cell type approval testing by the cell vendor, cell space qualification and 
characterlzatlcx: by the panel manufacturer, as well as accelerated temperature 
cycling of a half-panel built using the fUght production materials, processes 
and personnel. 
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MONTHS AFTER CONTRACT GO-AHEAD 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

50 inn X 50 mm Silicon 

NR Engineering | End of deliveries 

Subcontract negotiation ^ split 

Cell deliveries 
Cell type approval test 
Space qualitative 

Figure 8-2. Typical Silicon Solar Cell Delivery Schedules 

If improved performance were needed the following approaches could be 
pursued. Thin cells could be used to lower the mass without decreasing 
performance. In this case a Boron diffused back surface field cell (BSF) 
would be advantageous. The chin cell's Icwer absorbed radiation dose would 
not negate the BSF. An alternate approach to reduced cost would be to use 
certain terrestrial solar cells. The heavy shielding of the cells by the 
reflectors and radiator as well as the benign radiation environment in the 
low inclination -low altlture orbits may make this possible. 

GaAs Solar Cells . There are no knowi technology deficiencies which 
would prevent the solar cell manufacturer (s) from delivering devices in 
support of a production program. Both Spectrolab and Applied Solar Eiiergy 
are concerned about the contact me tali zat ions of the devices. Both cell 
suppliers have occasionally experienced low caitact pull strengths, but they 
are optimistic concerning production readiness of their systems. Contact 
solderabillty and weldability is good with most pull-tab tests yielding above 
the Industry standard 500 g criteria. The solar cell characteristics used 
in the performance modeling arH aialysis section would be incorporated into 
a procurement specification as llcws : 

Output, min. avg. — 97.4 mW (20 mm x 20 nin x 0.30 mm covered) 

Efficiency - 18Z (AMO, CR - 1, 28"C) 

Absorptance •- 0.75 max 

Cell optimization — CR » 4 

Cover thickness — 0.20 mm (fused silica) 
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The delivery sc^iedule for the cells deterves some attention. Present planning 
calls for a maximum production rate of 100,000 20 x 20 mm cells per year 
(assuming 502 yield, 202 equipment dr«m time and one production shift per 
day). This would be after a 26 v«ek lead time (78 weeks if a production line 
has not already beoi established). To support production of four modules 
approximately two millian cells would be needed. At the above delivery rate, 
twenty years of cell deliveries would be needed. The delivery rate could be 
nearly doubled by adding a second shift (180,000 cells/year). $500,000 
capital equipment investment would add 50,000 cells per year per shift. If 
both shifts were implemented and the capital was invested 7 years would still 
be required. With the understanding that the 4 GaAs modules produce 502 more 
power than the 4 Si modules, and assuming cell quantities could be cut 
accordingly, only 4-1/2 years of deliveries would be required. If two 
suppliers were utilized a two year program would be achievable. 

The same pre-production testing would be required for the CaAs program 
as for the silicon program (temperature cycling, etc.). 

If higher performance were required thin cells could be used. These 
should be readily available four years after the production of thick cells 
begins. The utilization of GaAs solar cells results in benefits due to their 
Inherent characteristics (low temperature coefficient, radiation resistance, 
etc.). 


The combined effects of a high power GaAs low-CR solar array program would 
be to firmly establish -two GaAs solar cell manufacturers in the Unit#>d States 
and to provide the lowest cost solar panels to a flight program such as manned 
space station. Cnee the production lines are established the commercial 
satellite manufacturers will start using the cells. They just cannot afford 
to start the producLlw.*. lines since their individual needs don't justify the 
expense and risk. A large program is needed to initiate the production lines 
and space qualify the cells. 
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8.3 LOW CONCENTRATION RATIO SOLAR ARRAY (LCRSA) TECHNOLOGY READINESS 

DEMONSTRATION TEST PLAN 

8.3.1 General 

The primary objective of this program Is to finalize a preliminary design 
of a lotf-ccm cent rati on -ratio (CR ” 2-6) solar array for service In lew earth 
orbit to provide an output In the 300 kW to 1000 kW range. The array may 
consist of two or more modules. No specific missions have been defined for 
the array, nor have particular user satellites been Identified. Hewever, In 
order to arrive at a specific design, a number of test requirements have been 
Identl fled. 

The demonstration test program Is also structured to minimize cost and 
to meet technical and schedule objectives: 

a. Early IndepAdent/concurrent developnent of each mlque component/ 
assembly to provide timely de-bugglng and problem solution. 

b. Acceptance and certification testing to be conducted on hardware 
scheduled for flight. 

c. Multiple use of test equipment aid facilities during In-process, 
acceptance, certification, and pre-flight validation testing. 

d. Acceptance and certlf Icatior. testing at the highest level of 
assembly to provide efficient use of test equipment, personnel, 
and facilities. 

e. Static load testing of the primary structure, prior to subsystem 
hardware Installation. 

f. Modal testing of the primary structure, after hardware installation, 
in both laisich and extended configurations. 

g. Use of flight hardware for Orbite • ph3^ical Integration. 

h. Flight, testing of a fractional power, protoflight test article to 
ensure physical and functional capability prior to initiating a 
point design. 

1. Self-contained development test article (DTA) requires no electrical/ 
data interface with Orbite r, except for RF activation /deactivation 
signal. 
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8.3.2 Design Requirements 

A ground test and rllght test demor at ration of the array Is reconmended 
as the next phases of this project. While structural design will be based 
upon forces In orbit, the design will be made conpatlble with appropriate 
support system (rigging) as required during the cne-g ground demonstration 
to preclude loads in excess of the design capability. Figure 8-3 provides 
a typical configuration that can be flight tested using the STS orbiter. 

Figure 8-4 depicts the flight configuration for the DTA. Section 4 discusses 
the manufacturing flow for fabrication of a concentrator array. A fractional 
power configuration Is recommended that will allow evaluation of structural, 
kinematic and electrical performance. 

The design requirements may be organized into three missions phases: 

(1) laiiich; (2) deployment; and (3) orbital operation. For each pha.>e , the 
requirements may be further broken dovn into four categories: (1) static 

loads; (2) dynamic loads; (3) thermal environment; and (4) electrical 
environnent.. The following requirements are recomminded. 

8.3.3 Launch Phase 

In its stowed configuration, a solar array DTA must be of such a sizt* 
that it fits within the Shuttle cargo bay and does not penetrate beyond the 
bay envelope. Attachments to the orbiter shall be compatible with the 
location and load capability of orbiter attachments delineated in Reference 6. 
The attachments shall provide for the removal of the solar array DTA. 

Static Loads 

The critical load factors listed in Table 8-5 shall be used to determine 
the Shuttle lamch-induced loads. The landing load factors are included to 
provide for the possibility of mission abort-induced return and landing. 

The structure will withstand a differential pressure of 3450 Pa (0.50 psi). 


Dynamic Loads 

The solar array DTA shall survi’^e the Shuttle cargo bay acoustic envlron- 
n»»r t (decibels versus frequency) given by Figure 8-5. This curve represents 
the recommaided environment based on STS-1 flight data. The stOA<ed solar 
array module will have a minimum modal frequency of 9.0 Hz. 
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T.vble 8-5. Static Load Factors 


Condition 

Nx (c's) 

Ny (g'b) 

Nz (g'fc) 

j Liftoff 1 

2 

3 

5 

. Uftoff 2 

-5 

-3 

-5 

Maximum-Q 

-1.9 

+ 0.4 

r 0.25 
\-0.50 

1 Landing 1 

5 

3.5 

10 

1 Landing 2 

-5 

-3.5 

-7 

! End Boost 

-3.17 

0 

-0.60 

t 

-3.05 

0 

-0.80 



Figure 8-5. Shuttle Cargo Bay Acoustic Lnv^roninent 
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Thermal Environment 

It is assumed that the DTA will be electrically inert during the launch 
phase, with negligible heat dissipation. The thermal behavior will be deter- 
mined by the closed-door environment of the shuttle bay, as modeled by the 
Simplified Payload/Orbiter Thermal Simulator (SPORTS model). Reference 8. 

This model provides thermal characteristics (temperatures, capacitances and 
conductances) for exposed payload bay surfaces and boundary tenperatures for 
the underlaying structure. 

Electrical environment 

The DTA will be electrically inert during launch (see above). 

8.3.4 Deployment Phase 

Tals phase Includes release aid removal of the solar array DTA from the 
Shuttle cargo bay and deployment of the Individual concentrato.' elements. 

The ElMS interface will react all structural loads. The RMS will also provide 
two- y articulation of the array to maintain pointing toward the sun to 
witlon + 0.5 degree. Electrical pewer for deployment /ex tension of the solar 
array ETA and data acquisitior will be provided by batteries aboard the self- 
contained payload. 

Static Loads 

Static loads during this phase are assumed to be no greater than static 
loads during orbital operation. 

Dynamic Loads 

The structural atLc-chments to the payload bay must provide for controlled 
release and removal of the solar array DTA. The rate of extension of the 
masts and release rates for concentrator structural components shall not 
Impose leads in excess of the launch and orbital operations capability, 

ITiermal Environment 

Theopen-door environment of the Shuttle bay will be simulated by the 
SPORTS model during the early portion of the deployment phase. 
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Electrical Environment 

The array will be protected from electrical transients associated with 
partial illumination of the elements by facing the array away from the sun 
during deployment. 

8.3.5 Orbital Phase 

Tne solai array f.s designed for low earth operation. However, it is 
recog.ilzed that similar requirements for high power solar arrays may arise at 
higher orbits. Therefore, insofar as possible, the present design will be 
compatible with high orbit operation, although not necessarily with optimum 
performance . 

The key on-orbit test requirements are: 

• Verify ability to successfully withstand repeated teroperature 
cycling. 

• Verify on-orbit d3manic characteristics. 

• Verify ability of astromast to extend 66 concentrators smoothly. 

• Verify on-orbit power output. 

• Verify ability of astromast tc retract 66 concentrators. 

• Determine response of solar array to changes in sun angle. 

Static Load 

The solar array masts, end cap assemblies, and concentrating element 
stack assemblies shall sustain the loads associated with atmospheric drag, 
gravity gradients and solar pressure within acceptable deformatio.i tolerances. 
The altitude range for orbital operation is assumed to be 500 to 600 km. 
Acceptable deformation is defined as thtt which maintains all concentrator 
o^»tical axes within three degrees of the tolar direction under the combined 
influence of mechanical loads, thermal stresses, and pointing errors for the 
array as a whole . 

Dynamic Loads 

The attachment of the array to the orbiter will result in the transfer 
of d^Tamic perturbations, namely pointing and stationkeeping maneuvers. To 
provide adequate frequency separation between the array and the orbiters 
control system, a minimum modal frequency (attached through the RMS interface) 
of 0.037 Hz shall be provided. 
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Thermal Environment 

In addition to direct solar load, the array is exposed to Earth Emission 

2 

and albedo. Global annual average values of 7.37 watts/m and 0.3, respec- 
tively, will be used to evaluate Earth radiation effects on the design. An 
crblt inclination of 28.5 <legrees will be assumed to evaluate eclipse duration, 
irradiation fluence levels, and atray-Earth configuration factors. Thermal 
interaction between array and the orbiter is assumed to be very minor and 
will be ignored. 

Electrical Environment 

It is assumed that the solar array delivers power to a self-contained 
electrical load bank at a voltage between 150 and 300 volts. 

8.3.6 Conq)oitent Acceptance/Certificaticin Requirements 

Classically, complete acceptance testing precedes certification testing, 
and the certification article is not flown. However, as tailored for the Low 
Concentration Ratio Solar Axray Program, and where it is considered cost- 
effective and is approved by the NASA, a combined acceptance/certification 
test program would be implemented and the certified part flown. The test 
levels for acceptance, certificaiion , and combined acceptance /certification 
are defined in Table 8-6. These ’■equi remen ts would be subsequently reflected 
in procurement specifications or contractor test specifications. 

The acceptance and qualification tests would be conducted sequentially 
in the same test setup. First the acceptance levels are establishel and the 
component verified for correct performance. The certification levels are then 
established and coturonent performance verified. 

Pin Retention Test 

All "push-home" electrical connector contacts (including wire harnesses 
as well as components) should be subjected to this test (with a calibrated tool) 
at least twice, once at compoiient or wire harness acceptanct and one after 
Installation, but before functional integration of the system. The push 
force must be 22.2 + (2.2)N [80 (+8)] ounces per pin, and the socket retraction 
(pulJ ) force must be 1. ^ (5.0) ounces (minimum) per pin. 
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Electrical Bonding 

Proof of compliance with the elpctrlcal bonding requirements of MIL-B-5087 
will be by test. A bonding meter, Shallcross Model 6’’3 or equivalent, should be 
used to measure the bonding resistance of each mechailcal interface on the 
component case. The maximum resistance will be 2.5 mllUohms. Use of an 
ohnneter such as a Simpson Model 760, or equivalent. Is specifically prohibited. 

Function Test 

A functional test (eind any alignment verification) should be conducted 
before and immediately after each environmf;ntal test. These tests establish 
correct performance before the environmental test and prove that no degrada- 
tion was suffered as a result of the test environment. Abbreviated functional 
tests would be conduc'^id during environmental ejq)Osure to find Intermittent 
failures or p ^rformance excursions. Continuous monitoring of all performance 
parameters ^including all on-orbit recorded measutemen '•s ) will be required 
during every portion of the environmental exposure. 

Thermal Vacuum Test 

The test specimen will be mounted or a test fixture and placed in a test 
chamber in which the specimen temperature can be controlled and maintained 
between the maximum and minimum temperatures shown in Table 8-6. Temperature 
sensors will be placed at representative locations on the component mounting 
flange. The test fixture and test specimen will be placed in the test chamber 
at atmospheric conditions. The chamber pressure will be reduced to simulate 
ascent from sea level to space vacuum in approximately 90 seconds. During 
this period, the maximum pressure reduction rate will be 15 torr/sec for a 
maximiim of 30 seconds, or at reasonable rates for the test facility used. 
Predicted rate of temperature change is 3“C/minute. 

Temperature stabilization is defined as being attained when all temper- 
ature readings taken five minutes apart are within 3®C of the specified 
temperature. The total number of cycles will be eight for acceptance and 
eight for certification. Functional performance checks shall be performed 
at the high and low temperature levels. After the last functional perform- 
ance test, the chamber condition will be returned to ambient. Complete 
functional tests will be performed on the test specimen at ambient pressure 
and temperature prior to the next test phase. 
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Thermal Cycling Test 

The test specimen will be subjected to the thermal profile (at ambient 
pressure) and to che maximum and minimum temperatures shown in Table 8-6. 
Predicted rate of temperature change is 3®C/minute. Monitoring of critical 
circuits and parameters will be required during the entire test sequence. 
Monitoring equipment will be enable of detecting intermittent performance 
variations as well as long-term drifts in critical parameters. 

Operating Bum-In Test 

An operating bum-in test will be performed on all electronic components. 
The test will be conducted at maximmn operating tea;>erature and ambient 
pressure. The minimum total operating time- will be 100 hours for the flight 
mits, including the operating time during all prior checkout and acceptaice 
tests, with no failures during the last 25 hours. 

Random Vibration Test 

The test specimen will be subjected to the anticipated -vibration levels 
for three minutes in each of three orthogonal axes. A functional test will 
be conducted before the -vibration test and after the completion of ench axis 
of the random vibration test. During the test, conponents will be powered 
and functionally sequenced through various operational modes to the maximum 
extent possible. 

Explosive Atmosphere Test 

This test shall be required of all electrical or electronic components 
mounted in the cargo bay. The conponent shall be placed in an explosion -proof 
chamber capable of ha-ving an ambient explosive atmosphere introduced into it. 
The test item shall be cabled up to its GSE unit outside the chamber. After 
the chamber is cl sed and the explosive atm.^sphere has been introduced, the 
test unit shall be powered up and operated through a functional test which 
shall cause the actuatior of all internal switches, pov«ring up of any sub- 
units, or any function wbJ.ch might .'®use an electrical transient. The 
component shall not cause ignition of the explosive atmosphere while operating 
or while being powered down at the completion of the test. 
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Run-In (Limited) 

A rm-ln test will be performed on each moving mechanical assembly before 
it Is delivered to Inventory. The rm-ln test will be performed In lieu of 
the bum-ln requirement for electrical components. The primary purpose of 
the run-in test Is to detect material and workmanship defects which occur 
early In the com>anent life. Another purpose of the run-in test Is to wear-ln 
parts of the moving mechanical assembly so that they perform In a consistent and 
controlled manner. Satisfactory wear-ln may be manifested by a reduction In 
running friction to a constant low level. 

The run-in test will be conducted for a minimum of 10 hours except for 
those Items where the number of cycles of operation, rather than hours of 
operation. Is a more appropriate measure of the ability to perform In a 
consistent and controlled manner. For these units, the rm-ln test will be 
for at least 5 cycles. The rm-in test conditions should be representative 
of the operational loads, speed, and environment; however, operation of the 
assembly at ambient conditions may be conducted if the test objectives can be 
met and the ambient environment will not degrade reliability or cause unaccept- 
able changes to occur within the equiptaent. During the r\jn-ln test, sufficient 
periodic measurements will be made to Indicate what conditions may be changing 
with time and what wear rate characteristics exist. 

8.3.7 System Acceptance/Certification Requirements 

The basic housing assembly (no concentrators or components installed) 
will be subjected to a proof and influence coefficient test. Test objectives 
will be (1) confirmation of the structural analysis and (2) verification of 
the integrity of the basic structure to withstand launch and re-entry loads. 

The test will be conducted by loading the basic structure to 1.25 times 
the maximum launch /re -entry loading conditions and measuring stresses and 
deflections at ciitical locations. 

The basic end cap assembly will be subjected to a proof and Influence 
coefficient test as described above. 
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A cradle influence coefficient test will be perforned to verify the 
stiffness of the cradle. Results of this test will be combined with the 
results of the DTA modal survey tests to provide a test-verified dynamic 
math model for the lamch configuration. 

Prior to the test, and Immediately after the test, all con^onents will 
be functionally tested during the System Performance Test at Air Mass One (AMI). 

Syaem Performance Test (AMI) 

Electrical output of the complete system will be verified to estabUsh 
baseline system electrical performance at air mass one. This same test will 
be conducted immediately before and after each major system test /demonstration 
to verify that no degradation has occurred due to the test environment. 

Electrical output at AMI will be measured by recording current-voltage 
(I-V) , diode performance, and conductor isolation. 

Acoustic Test 

The Lest objectives are: (1) verification of the structural integrity 

of the DTA for the dynamic launch environment; (2) absence of ref lector /solar 
panel damage caused by the dynamic environment acting on the stacked concen- 
trators under simulated acceleration loading; and (3) verification of specific 
component random vibration input spectra. Certain components that have not 
been subjected to the complete random vibration spectra may be verified by 
successful participation in this test series, if approved by the NASA. 

The DTA will be installed in an acoustic test facility with its longi- 
tudinal axes vertical (launch ccxifiguration) . Instrumentation (accelerometers) 
will be added to measure the vibration input of components and critical areas 
of the structure. Microphones will be Installed near and within the DTA to 
monitor the sound pressure levels. A thin plastic bag will encase but not 
touch the DTA during each acoustic test to prevent contamination. 

The DTA will be positioned in the ciiamber by supporting the transportation 
doily on low frequency air bags (20 Hz or belcw). 
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Acoustic testing of the DTA vdll consist of three levels: 

a. Low level test at 6 dB below maximum predicted lift-off level. 

b. Medium level at 3 dB below maximum predicted lift-off level. 

c. Full level test at maximum predicted lift-off level. 

The test frequency range will be from 31 to 10 kHz with a spectral distri- 
bution as shown In Figure 8-5 which Is representative of the maxlnnun predicted 
flight levels at lift-off. In addition to the sound field requirements, the 
ambient temperature inside the reverberation chamber will remain relatl\ .ily 
constant (+ 2.8*C from the starting temperature) during die test runs. The 
allowable tolerance on acoustic test levels will be + 2 dB. 

The number and placement of acoustic transducers will be specified In 
the OOP and coordinated with the responsible test conductor. 

An empty chamber checkout verification will be performed prior to instal- 
lation of the DTA in order to verify that the combined chambers, the modulators, 

and the noise source are functioning In the required manner. At the completion 

of all calibration procedures, ?n acotjstical test which is 6 dB below the levels 
In Figure 8-5 and representative of the transonic and maxinum-q environment, 
will be performed. The specimen will be exposed to this sotmd pressure level 
for a time required to establish steady-state conditions and record all data, 
or 40 seconds, whichever is greater. 

Upon verification of data at the -fc dB level, the sound pressure will be 
increased to mediiun level for 20 seconds to verify equalization, and data will 
be taken. 

Evidence from the medium level acoustic tests will be used to demonstrate 
that the flight level acoustic enviomment, shown in Figure 8-5, can be 
achieved in shape and amplitude. Toe test specimen will then be subjected to 
the acoustic environment of Figure 8-5 , which is representative of the lift- 
off environment. The exposure time will be 1 minute (minimum). 

Modal Survey 

A modal survey of the DTA will be conducted to verify the dynamic math 
model which supports analysis of the predicted launch loads. Verification of 
the dynamic math model will provide higher confidence of the analytical 
predictions. 
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The objective of the nodal survey Is to determine the dynamic charac- 
teristics of the system with respect to mass, stiffness, and damping by 
applying sinusoidal excitation to the system at specific stations determined 
from the dynamic math model of the launch configuration. 

The DTA will be the conq)lete system, stowed and latched as for launch. 

The test article will be mounted to a rigid fixture which will be mounted to 
the fixed seismic base of the facility. The dynamic math model of the test 
article will be used to specify excitation Input stations and strategic 
accelerometer locations. Significant lateral and longitudinal characteristic 
vibration modes will be considered. Excitation of each selected station will 
be sequentially applied by sweeping sinusoidally from 5 to 50 Hz with all 
forces and accelerations continuously recorded. After con^)letion of the sine 
sweeps, the data will be used to determine all natural frequencies and to 
Identify the major structural modes. 

The cradle Is dominated by structural behavior and for tide reason, a 
static Influence coefficient test will be used to verify stiffness. This 
will be done during the static load testing. 

Ex tension /Be traction Demonstrations 

Ability of the DTA to successfully extend to its full length, and retract 
to its laiAch configuration, can be demonstrated, If considered necessary, at a 
facility which has a precision level surface. Other considerations are; 
Precision level surface area * (67m x 6m) (223 ft x 20 ft) 

Cleanliness level: 100,000 

Lighting: sufficient for motion picture coverage 

Wind velocity ■ essentially zero 

The test article will be fully extended In each direction, supported over 
its length and width. Three complete cycles of ex tens Ion /re traction will be 
performed while monitoring motor currei.ts, temperatures, time for each half- 
cycle, and discretes Indicating end of movement. 
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Mass Properties Determination 

For the static velght and center-of-gravi ty test, the DTA will be in the 
launch corif iguratlon. The test objective is to determine the test article 
static weight and center of gravity. The test will be performed with the DTA 
horizontal and attached to a three-point support. 

Measurenents will be taken with the DTA Z-Z and X-X axes levels. Then the 
test article will be rotated 90 degrees about the Z-Z axis until the Y-T axis 
is level, and measurements will be taken again. Measurements will verify that 
the center of gravity is within X ■ 0 + 1.3 ram, Y « 0 + 1.3 mm, and the Z 
tolerance specified by the experiment integration contractor. The resultant 
weight and reaction point measurements will then be used to establish the 
actual weight of the test article and its center of gravity. Test documentation 
will include the weight and balance report, ^'feight and center of gravity data 
will also become the initial entry of the weight and balance log, which will 
be maintained from the time of test completion ixitll test article launch. 

8.3.8 Pre-Launch Opera ’ions 

After the DTA/cradle Integration tests have been completed, the LCRSA 
cargo element, and all required support equipment, will be transported to the 
launch site. After the cargo element receiving inspection, pre-launch operations 
will be Implemented to prepare the cargo element for integration with the Orbiter 
and subsequent launch. The following sections describe the tests required. 

Pre-Launch Functional Test 

After the LCP.SA cargo element and all support equipment arrives at KSC, 
receiving inspection will, verify chat no damage has occurred during transit. 

All support equipment will be reve~ifled before connecting to the cargo 
element. Each DTA component will be fictionally tested to verify that its 
performance is consistent with factory teats. Critical alignments will be 
optically verified for "no significant change" from the factory alignment 
measuremen ts. 
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The DTA will be commanded to perform an extension /re traction test, 
including RF commands and data collection. This test will be ttie same or 
as near as possible to the factory demon'^t ration test. It will sequence the 
cargo element as near to a planned mission demonstration sequence as possible 
to deuionstrate DTA component flight readiness. 

Test objectives to be accomplished Include the following: 

• Verify compatibility and integrity of the DTA components, 
simulating all "<i8sion operation. 

• DemoT'^trate RF coisnuni cations /component performance to 
ensure proper operation for both extension and retraction 
modes . 

• Verify alternate and redundant modes of operation. 

FJight-type batteries will be used. The cargo element will be controlled 
and visually monitored through the extension and retraction modes. AIj. RF 
commands will be executed through the LCRSA support equipment, which repre- 
sents the Orbiter functional Interface. 

8.3.9 Cite Compatibility Test 

As soon ar the cargo element is transported to the Operations, and Check- 
out Building (OCB) , it will be installed horizontally in the cargo Interface 
test equipment (CITE). The QTE has the same physical interface as the 
Orbiter bridge and keel fittings. The installation of the cargo element 
into rnls fixture will verify form and fit of the Orbiter interfaces. 

Interface verlficatior. with the caution and warning wire harness (which is 
unique to the LCRSA cargo element) will also be accomplished. In the 
installed position, the cargo element is then ready for transfer to the 
canister which will transport the cargo element to the Orbiter Processing 
Facility (OFF). 

8.3.10 Orbiter Inst a llation 

The LCRSA cargo element will be transported to the OFF by the canist.’r. 
After the exterior of the canister has been cleaned, the canister will be 
opened and the cargo element removed by the Payload handling Fixture (PHF) . 
The cargo element will be lowered into the cargo bay for transfer of the 
load tv/ the Orbiter payload retention fittings. 
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After the retention fittings are aligned and closed, the PHF will release 
the cargo element. Final closeout of the cargo element will be completed at 
this time. 

The. task of installing the LCRSA cargo element-uiique cabling in the 
Orbiter cargo bay wire trays, and the RF equipment installed in the Orbiter's 
aft flight lieck, will be accoo|)llshed during the Orbiter's mission-mique 
payload accommedation equipment modification period, accoo^lished previously in 
tte OFF. 

6.3.11 Or biter In -Bay Readiness Test 

No in-bay readiness tests are planned for the LCRSA cargo element. 

8.3.12 Qn-Orblt System Test Requirements 
Ins trumen tati on 

Instrumentation installed on the DTA rniist be flight certified. The 
following basic measurements will -be recorded during the flight demonstration 
test: 

1. Sun orientation C+ 20 degrees, in one degree increments). 

2. Total power output (current, 0-100 amps; voltage, 0-200 VTXZ) . 

3. Temperatures (representative solar panels, structural conponents, 
electrical load bank, load bank radiator, data recorder, RF switch, 
representative motors, negators, latches, and the Astromast). 

4. Accelerometers at representative locations. 

Data .-icording Motion Picture Rrquirenents 

Data recording will be accomplished by the aata recorder installed in 
the support structure. 

Motion picture coverage of the entire extension movement, and the entire 
retraction movement, will be provided from a vantage point on the RMS, as 
well as an Orblter window. 

Orbital Operations 

The RMS will be used to ixilock the DTA, remove it from the cargo bay, and 
extend the teat article away from the Orblter (pointing it awav from the sin).. 
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The RF switch will be commanded to the "on" position by the mission 
specialist on the aft flight deck.. After the tett article is fully extended, 
orient the assembly towrrd the aist . 

Basic electrical performance characteristics at AMO will be obtained 
during the first 15 minutes of operation. The next 30 fflinutes will be spent 
alten'jig the sixi orientation angle slowly, from ?ero to minus 20 degrees and 
back through «ro to plus 2C degrees. At this point in time, the Orbiter will 
enter the first eclipse period. The test objective now is to deteimine the 
system inpact as the test article entr.rs the eclipse (cooldown rate) and then 
emerges irto the smlight (the rise-time and the overshoot of current and 
voltage). Ten complete eclipse cycles (minimum) are required, with a total 
test time (including extension and retraction) of approximately five hours, 
thirty minutes. 

The RF switch will be commanded "off" by the mdssiop specialist. The 
data recorder will automatically shut dcwn and the battery will be automatically 
isolated when the test article is fully retracted (as it was during the lamch 
operations ) . 

The RMS will install the DTA into its special cradle and secure it for 
the return trip. 

8.3.13 Data Reduction and Reportlr.g 

Data reduction will be performed in a suitably equipped laboratory where 
computetxzed data processing will permit evaluation of system performance. 

The key parameters will be charted and presented in the final system test 
report. This report will be submitted 90 days after completion of the flight 
test program. 

C.3.14 Test Article Disposition 

The DTA will be off-loaded from the Orbiter, the data tape removed for 
processing, and the test artic)e immediatrly inspected for signs of damage/ 
degradation. Any sigps cf damage /degradation will be photographed and the 
teat article prepared for any diagnostic testing/detalled exac.’’iarion . 
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9.0 SPACE MISSION APPLICATIONS 


9.1 SPACE STATION - AN EXAMPLE 


The low concentration ratio solar array module preliminary design con- 
figuration requires some minor deslpi modifications for the Space Station 
application. The Space Station base line design would preferably use gallium 
arsenide solar cells In two array modules (wings) and would have a single- direction 
extension design so the array module (wing) swept volume would not Interfere 
with the Shuttle berthing operations. The array design calls for a set of 
synoietrical wings attached to the . wer module by 0.9 m (3 ft) dia. booms, 

15.2 m (50 ft) long (Figure 9-1). The arrays are swept through two degrees- 
of freedom each. At the spacecraft and power module Interface there would be 
the boom deployer/ccatlnuous (orientation drive) 360® rotation assembly 
(Figure 9-2). The power is transferred through the assembly by a large 
diameter slip ring assembj.y. At the boom/array module Interface there Is a 
second degree -cf -freedom drive assembly. This drive asst nbly rotates the 
array th.ougb + 52® using a dual drive assembly as shown in Figure 9-3. 




RMS- 

DEPLOYViENT 


SHUnif DELIVERY 


29 kW/MODULE (WING) - GoA. (BOL) 
18.8 kW/MOOUlE (WING) - S! (BOl) 


CONTAINER elements 
RETRORT ON ORBIT 


INITIAL CONFIGURATION 


58 kW/MODULE (WING) - GoAi (BOL) 
37.6 kW/MODULE (WING) - SI (BOL) 


SPACE STATION FULL UP CONFIGURATION 


Figure 9-1. Array Module and Space Station Interface Example 
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Modifications to the array module preliminary design would be very 
minimal. Hie concentrator elements, stac'cs , housing and mechanical assemblies 
remained virtually the same. The housing design Is split down the centerline 
wi.th closeout structure added and the CEM's rotated 90*. All other design 
features remain the same. For a power requirement, for exaa^>le, requiring 
29 kW per wing (BOL) initially and 58 kW In a fuUup configuration muld be 
provided by GaAs cells shown in Figure 9-1. Using Si cells, the power would 
be 18.8 kW and 37.6 kW, respectively. The initial design provides for rearranging 
the mast/housing assembly to allow for retrofitting containers on-orbit to 
the initial configuration In order to bring them to their fullup configuration. 

The beginning of life mission configuration consists of two container ele- 
ments with a mast assembly each and five rows of sixty-six concentrator elements 
in each stack. Using the preliminary design array module mast, the assembly 
would be capable of withstanding an ultimate load of 0.023 g's. Two additional 
containers can be retrofitted to each wing at the end of the housing assemblies. 
Each of these containers has six rows of sixty-six concentrators. This fullup 
con figuration is capable of 0.012 g's ultimate. 

9.2 BENEFITS OF SMALLER SCALE CONCENTRATOR ELEMENT 

A N > 12 concept was studied for thermal, electrical and mechanical 
feasibility (refer to Figure 5-4), 

The N * 12 concentrator element is half the size of the N ■ 6 design. 

The aperture is 0.25 m (9.84 In.) x 0.25 m. 40.5 kW (BOL) was chosen as an 
example for the power requirement for a module (wing). The array is a 
sbgle extension type with two masts. For a GaAs design wing, a single-laced 
mast (N ■ 6 type) array will withstand an acceleration of about 0.0085 g 
ult^.mate load, and the hybrid will withstand a 0.027 g load. The Si design 
calls for the same mast (N > 6 type), and will withstand a O.CX)4 g ultimate 
load in a single-laced configuration and a 0.013 g ultimate load using the 
hybrid mast configuration. The performance estimates using GaAs cells for the 
module are shown in Figure 9-4. The N ■ 12 design reduces the solar cell 
temperature without sig^iificant iapact upon array module recurring cost 
conpared to the preliminary design configuration using GaAs cells. 
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SOLAR ARRAY MODULE 
40.5 ItW (B.O.L.) 



' SMALLER ELEMENT SIZE - 1/4 
' REA4AINS DEPLOYABLE & RETRACTABLE 
SINGLE DIRECTION EXTENSION 
SIMPLER FOLD & SAME 
COMPACT stowage 


PERFORA4ANCE OF GoAi SOLAR ARRAY 


1 

PARAMETERS 

MULTI 100 kW (B.O.L.) 
175 kW MODULE 

75 kW (to yn) 
(TWO MODULES) 

APERTURE 
DEPTH 
OPS TEMP 
POWER/ELEMENT 

.5 m X .5 m 
.37 m 
1I6“C 
40.5 W 

.25mX .25 m 
.185 m 
WC 
n w 

TOTAL AkEA 

1320 

585 m^ 

NO. OF ELEMENTS 

4356 (.5 m X .5 m 
APERTURE! 

7392 (.25 m X .25 m 
APERTURE) 

WAu j 

41 

40 

W/m^ ; (BOL) 

133 

135 

SAv ) 

166 

168 


•DD4T REQUIREMENTS I 
SIMILAR TO PUNAR | 


Figure 9-4. Modification for Space Station Application (Example) 


9.3 TECHNOLOGY APPLICATIOI RECOMMENDATIONS 

Figure 9-5 illustrates the technology development steps required to 
provide confidence for application of technology to space missions. The 
current contract effort has resulted in a preliminary design for a generic 
conci.ntrator solar array module deflniticn. The next phase (s) of continuing 
effort recommended vrould be to complete the SRT items discussed in Section 8.2 
and in parallel perform the ground/flight demonstration of an array module for 
space station mission applications for the near term. Section 8.3 discusses 
a recommended configuration for a development test article. Figure 9-6 
illustrates a recommended schedule for implementation for the space station 
program. 
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Figure 9-5. Test Philosophy Summary 
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START DEMO TEST ARTICLE DESIGN V 


TOOL DESIGN 


FAB & ASSEMBLE 


DEVELOPMENT SCHEDULE NEEDS IMMEDIATE 
IMPLEMENTATION & COMPRESSION TO MEET 
EXPECTED SPACE STATION SCHEDULE 


; PREP Fof rIl I release 

1 I 

; WRITE SPECS PURCHASING 


GRN TEST 


27 29 STS 


26 I 28 

' ' I 


30 


FLT TEST 


TEST REPORT [j 


Figure 9-6. Application to Space Station Program 
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